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Abstract 
Nuclei in the hypothalamus and brainstem are responsible for maintaining homoeostasis by 
controlling rhythmic motor and autonomic activities. However, during emotional responses to real or 
potential environmental challenges, significant changes in motor and autonomic rhythm also occur. 
Forebrain structures that form the limbic system are responsible for perceiving environmental 
challenges and orchestrating appropriate emotional responses. Thus, it is only through descending 
synaptic interactions of the forebrain areas with the hypothalamus and brainstem, that modulation of 
motor and autonomic activities is possible during the expression of emotions. However, there is little 
knowledge of the forebrain areas that modulate autonomic activities. Also, in coordinating 
physiologic responses, forebrain structures operate through functional networks but the neural 
pathways and mechanisms involved particularly during emotional behaviours are not clear.  
 
The hippocampus is an important component of the limbic system involved in learning and memory, 
but evolving evidence implicates it in the expression of emotions such as defensive fear and anxiety 
reactions. Studies also suggest possible hippocampal connections with brainstem autonomic centres. 
Thus, the central hypothesis tested in this thesis is that discrete neurone populations in the ventral 
hippocampus, via neuronal projections to the amygdala, can modulate bulbar motor and autonomic 
output. Specific aims were to 1) Investigate and describe the respiratory and cardiovascular changes 
induced by chemically mapping the dorsal and ventral hippocampus with microinjections of the 
excitatory amino acid, D, L- Homocysteic acid, 2) Investigate the distribution of descending 
projections of the hippocampus using classical neuroanatomical tract tracing techniques, with a 
particular focus on the connectivity of the ventral hippocampus and the amygdala, 3) To extend the 
chemical mapping to specific areas in the amygdala that receive projections from the hippocampus 
and determine how such areas differ in their influence over motor and autonomic functions and 4) To 
investigate the effects of inhibiting of the amygdala while stimulating the ventral hippocampus.  
 
Experiments were conducted using urethane-anaesthetised (1.5 g/kg IP) adult Sprague-Dawley rats 
(n = 136; weight = 300 – 600 g; either sex). The hippocampus was stereotaxically mapped to locate 
discrete neurone populations that can modulate motor and autonomic activities. The specific 
parameters monitored include blood pressure, heart rate, respiratory frequency, inspiratory and 
expiratory durations, tracheal pressure and the motor expression of augmented breaths. 
Microinjections of the excitatory amino acid (EAA), D, L, Homocysteic acid (DLH; 50 mM, pH 7.4, 
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n = 95), were used for chemical stimulation. Using this stimulation technique, discrete neurone 
populations in the ventral hippocampus were identified that can generate significant changes in both 
respiratory and cardiovascular parameters. Augmented breaths, which have emotional significance, 
were also suppressed by stimulating the ventral hippocampus. Stimulation of dorsal hippocampal 
fields, however, did not modulate cardiorespiratory tone and had no effect on the expression of 
augmented breaths. These findings spurred investigations of the possible neural substrates that 
support the observed physiology. 
 
Conventional anterograde and retrograde neuroanatomical tract tracing techniques were used to 
investigate projections from the ventral hippocampus that are potential substrates for the generated 
motor and autonomic effects (n = 21). The high molecular weight biotinylated dextran amine (BDA, 
10 kMW) was used for anterograde tracing, while Alexa Fluor fluorescent conjugates of cholera toxin 
subunit b (CT-b488) with immunohistochemical staining techniques were used for retrograde tracing. 
We observed dense neuronal projections from the previously identified neurone populations in the 
ventral hippocampal sites to specific areas in the amygdala, suggesting that the amygdala is a potential 
relay to descending motor and autonomic centres. To validate this pathway, stereotaxic mapping of 
the amygdala for autonomic modulation (n = 9) was performed, and a study manipulating the synaptic 
transmission properties of the amygdala (n = 11) while stimulating the ventral hippocampus was 
conducted. The latter was achieved by activating GABAA receptors with the potent GABA agonist, 
muscimol. Our results show a significant reduction in the motor and autonomic effects generated 
from the ventral hippocampus during amygdala inhibition, suggesting a viable synaptic pathway 
through the amygdala.  
 
The overall findings in this thesis suggest that the ventral hippocampus is part of the central 
descending motor and autonomic control network, which complements emotional behaviours. The 
data supports the notion that the observed modulatory effects are physiological components of coping 
strategies or defensive mechanisms, to ensure a stable internal environment during the expression of 
emotions, which supports evidence of the typical cardiorespiratory responses that accompany 
behaviours such as freezing. The amygdala represents one relay between the ventral hippocampus 
and autonomic control centres. The results herein also reinforce functional segregation between the 
dorsal and ventral hippocampus. These findings add to current knowledge of the involvement of the 
ventral hippocampus and amygdala in expressing emotional responses and their associated disorders.
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CHAPTER 1 
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1.0. The Neural Substrate of Emotions 
Two principal components involved in the expression of emotions are motor expressions and 
autonomic responses (Adolphs, 2002; Kreibig, 2010; Quigley and Barrett, 2014). A stereotypical 
emotion-dependent motor expression includes changes in breathing patterning following motor 
commands for the altered contraction of the diaphragm and intercostal muscles (Homma and 
Masaoka, 2008).  Typical autonomic responses include visceral changes resulting from an activated 
sympathetic nervous system, with a primary index being cardiovascular function (Guyenet, 2006). 
The motor and autonomic responses generated during emotions are responsible for maintaining 
homoeostasis and meeting metabolic demands in preparation for, and during the expression of, 
emotions. Early studies also suggested that autonomic activities can be used to distinguish between 
emotions (Ekman et al., 1983). However, there is limited understanding of the neural substrates that 
link emotion processing with the modulation of motor and autonomic activities.  
 
Emotional behaviours are processed, formed and expressed by a complex network of brain structures 
known as the limbic system, which relies upon the sensory perception of the external environment 
(Roxo et al., 2011). The behaviours are also shaped by the cognitive ability of limbic structures to 
interpret external cues based on learned response patterns acquired with repeated exposure over time 
(memory) (Phelps and LeDoux, 2005; Pessoa and Adolphs, 2010; Immordino-Yang and Singh, 
2013). Within this functional framework, the hippocampus, which is popularly known to form and 
store memory, has been identified to govern the expression of emotions (Bannerman et al., 2014). 
However, in regulating emotional behaviours, the ventral hippocampus requires coordinated 
interactions with subcortical and brainstem nuclei that directly control autonomic and endocrine 
functions to produce homeostatic changes, necessitating that the limbic brain provides a modulatory 
hierarchical level in autonomic control. It is through such interactions that integrated respiratory and 
autonomic changes accompany emotional behaviours (Masaoka and Homma, 2004; Homma and 
Masaoka, 2008; Kreibig, 2010; Ueyama, 2012). However, the interactions are complex and involve 
mechanisms and pathways and many of which have not been fully elucidated. 
 
Understanding the relationship between the central and autonomic nervous system is a prominent 
topic in systems neuroscience. Investigations of the relationships between the central and autonomic 
nervous system propose the concept of ‘just one nervous system’ (Blessing 1997). Papez was the first 
to propose that during sensory experiences, signals arrive at the thalamus, after which they are sent 
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to the cingulate cortex and hypothalamus for the generation of cognitive and physiological responses, 
respectively (Papez, 1995). He also suggested that the signals are processed and transmitted in a ‘top-
down’ regulatory fashion where the cingulate cortex transmits information to the hippocampus and 
then to the hypothalamus, which synapses with lower sympathetic centres (Papez, 1995). This circuit, 
also known as the Papez circuit, was described as the anatomic basis of emotions. The Papez circuit 
was further elaborated by Paul MacLean who suggested that since the limbic system is able to 
perceive environmental challenges and as a result the individual experiences visceral (autonomic) 
changes, then the limbic system should be called the ‘visceral brain’ (Dalgleish, 2004). These 
proposals constituted early benchmarks that suggested links of the central nervous system with the 
autonomic nervous system  
 
Interestingly, MacLean’s reference of the limbic brain was the hippocampus, but his view of this 
structure as the visceral brain has been dominated by the overwhelming discoveries underpinning the 
hippocampus as a centrepiece in forming and storing memory. Thus, with little emphasis on the 
hippocampus, more recent studies have focused on identifying discrete neurone populations in the 
forebrain capable of modulating autonomic activities. For example, studies altering synaptic 
transmission by disinhibition of discrete areas in the medial prefrontal cortex has been shown to 
modify critical measures of homoeostasis, including respiratory, cardiovascular and metabolic 
function (Hassan et al., 2013). Similarly, electrical stimulation of the anterior cingulate cortex 
generated modulatory effects on the respiratory system (Alexandrov et al., 2007), although these 
results may be questionable because electricity stimulates both cell bodies resident in an area and any 
traversing fibres that pass through the area en passage to other brain regions (Goodchild et al., 1982).  
Irrespective, the studies are indications that the limbic system can modulate motor and autonomic 
functions.  
 
The studies to date have placed emphasis on the medial prefrontal cortex because of its established 
roles in processing emotions (Al-Maskati and Zbrozyna, 1989; Verberne et al., 1987; Akintunde and 
Buxton 1992a, 1992b; Bacon and Smith, 1993; Verberne and Owens, 1998; Alexandrov et al., 2007; 
Hassan et al., 2013). However, evolving evidence implicate other parts of the limbic system such as 
the ventral hippocampus in processing emotions (Fanselow and Dong, 2010; Snyder et al., 2011; 
Bannerman et al., 2014; Padilla-Coreano et al., 2016), therefore, it is a potential modulator of motor 
and autonomic function. Also, following results from simultaneous resting state functional magnetic 
resonance imaging (fMRI) and heart rate variability assessment in healthy men, Bar et al. (2016) 
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hypothesised that there is hippocampal-brainstem connectivity that is responsible for adjusting vagal 
autonomic activity. Similarly, Kuntze et al. (2016) demonstrated that inactivating the ventral 
hippocampus with the nonspecific synaptic blocker, CoCl2, modulates the cardiorespiratory effects 
triggered by peripheral chemoreflex activation in conscious rats. These are strong indications of 
neural pathways connecting the hippocampus to brainstem autonomic centres, and a functional 
involvement in neural mechanisms of cardiovascular and ventilatory adjustments. However, 
anatomical tracing to date (unpublished data) indicates that direct ventral hippocampus to brainstem 
pathways do not exist and thus would have to be indirect. 
 
 
 
 
 
 
 
 
Figure 1.1: A conceptual illustration of the complex descending functional network for 
limbic modulation of motor and autonomic outputs as proposed in the current 
thesis. This is in consonance with the Papez circuit, which argues that sensory 
messages concerning emotional stimuli first arrive at the thalamus. From the 
thalamus information is transmitted to the limbic system for cognition. The 
limbic system, in turn, projects to the hypothalamus and periaqueductal gray 
(PAG), both of which are capable of interacting with the various brainstem 
nuclei directly involved in motor and autonomic control. These modulatory 
pathways may function individually or in complements to achieve the 
expression of behaviours. Note that cardiorespiratory outflow alterations are 
not the only indications of changes in the autonomic nervous system. Other 
indicators of changes in the autonomic nervous system include thermal and 
endocrine parameters. 
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1.2. Overview of the Hippocampus 
The hippocampus plays a crucial role in the limbic network because of its involvement in memory 
and cognition. This was first described in 1953 following bilateral removal of the medial temporal 
lobe structures to ameliorate refractory epilepsy. The frequency of seizures decreased, but the patient 
suffered from anterograde and limited retrograde amnesia (Scoville and Milner, 1957), suggesting 
that the hippocampus played critical roles in forming and storing memory. The role of the 
hippocampus in memory and learning was further established by the discovery of the so-called “place 
cells”, which are neurones that fire bursts of action potentials in specific places (‘place fields’) as an 
animal worked through a maze (O'Keefe, 1976). However, studies have shown that the neurone 
populations involved in regulating memory, learning and spatial navigation are discrete rather than 
generalised, suggesting that other areas may represent different functions. 
 
Certain fields of the hippocampus have been suggested to play crucial roles in the expression of 
emotions, such as fear, anxiety and stress (Bannerman et al., 2004b; Trivedi and Coover, 2004; 
Bertoglio et al., 2006; Fanselow and Dong, 2010; Femenia et al., 2012; Ballesteros et al., 2014; 
Padilla-Coreano et al., 2016), as well as the development of associated disorders, including post-
traumatic stress disorder (PTSD) and major depressive disorder (Bonne et al., 2008; Femenia et al., 
2012).  A common feature in the expression of these emotions is an alteration of basic physiological 
parameters including respiratory and cardiovascular function, but it is unclear how the hippocampus 
may be involved in this modulation.   
 
1.2.1. Structure of the Hippocampus 
The hippocampus is a prominent component of the forebrain and is relatively conserved across 
mammals, amphibians, reptiles and birds (Tombol et al., 2000; Striedter, 2016). Despite structural 
differences between species, the function of the hippocampus is conserved (Clark and Squire, 2013; 
Striedter, 2016).  
 
The hippocampus is paired and extends laterally from the septum to the medial portion of the temporal 
lobe. In the rat, the hippocampus extends from Bregma -1.72 mm to -6.84 mm (i.e., the hippocampus 
is approximately 5.12 mm in length, rostro-caudally; Figure 1.2A). As it extends caudally, it assumes 
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different shapes in coronal sections, with specific portions appearing in different sections (Figure 
1.2B - D). For this reason, in a mid-sagittal brain section, the hippocampus is only partially visible in 
an area immediately ventral to the posterior half of the corpus callosum and lying at an oblique angle 
in the rat’s brain (septal area, Figure 1.2A). Between Bregma -1.72 and -4.20 mm, only the dorsal 
hippocampus exists. From Bregma -4.36 to -6.84 mm only the ventral hippocampus exists. An 
approximate full extent of the hippocampus is visible in serial coronal sections between 4.36 - 5.88 
mm caudal to Bregma, where the ventral hippocampus lies adjacent to the amygdaloid complex. In 
this region, the outline of the hippocampus assumes a C-shape (Figure 1.2) (Cappaert et al., 2015). 
 
1.2.2. Cytoarchitectural Organisation of the Hippocampus 
Histologically, based on the presence of three cortical layers and distinct unidirectional connections, 
the hippocampal region is composed of two sets of cortical structures - The hippocampal formation 
and the parahippocampal region. The hippocampal formation is divided into three distinct regions: 
the dentate gyrus, Ammon’s horn also known as Cornus ammonis and subiculum. Parahippocampal  
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regions, which consists of areas that surround the ventral and caudal portions of the hippocampal 
formation, include areas such as the entorhinal cortex, perirhinal, postrhinal cortices, presubiculum 
and parasubiculum all of which possess more than three lamina layers and reciprocally connect with 
the hippocampus (See Witter and Amaral, 2004b for reviews). However, the two sets of structures 
are interconnected and function together to produce physiological changes. 
 
On the basis of cell types and laminar organisation, the Ammon’s horn (Cornu ammonis) is further 
divided into subfields - CA1, CA2 and CA3 according to the terminology of Lorente de Nó in 1934 
(El-Falougy and Benuska, 2006). Each subfield is identified based on the features of individual 
neurone structure and cytoarchitectural organisation of neurone clusters (Ishizuka et al., 1995; 
Altemus et al., 2005). These subtle variations in structure also suggest possible differences in function 
and information processing. However, each subfield of cells is organised into distinct layers namely:  
 
a. Pyramidal layer (Cell body layer) – Pyramidal cells comprise the main cellular layer in 
the hippocampus. The area is large and contains approximately 300,000 – 400,000 cells 
in the rat (Miettinen et al., 2012).  Furthermore, the connectivity of pyramidal cells is 
extensive with projections terminating in many different cortical and subcortical 
structures.  Typically, a single pyramidal neurone will only terminate in a single target 
nucleus although in a few instances one pyramidal neurone may simultaneously project to 
two different regions (Ishikawa and Nakamura, 2006). Despite the well-described 
anatomical connectivity of hippocampal pyramidal neurones, the functional implications 
of these diverse projections are still the subject of investigation.  
 
b. Stratum oriens – This layer, which is deep to the pyramidal cell layer, is relatively cell 
free. However, the few cells resident here are morphologically heterogeneous GABAergic 
Figure 1.2: Schematic representations showing the organization of the dorsal and ventral 
hippocampal region in the rat brain. A) A midsagittal section of the whole rat 
brain. The shaded portion represents the area of the brain that contains the 
hippocampus. Only the dorsal hippocampus (DH) is visible in this plane.  B - D) 
Illustrations showing the progressive change and organization in shape of the 
hippocampus rostrocaudally represented as coronal sections. Images were adopted 
and modified from Paxinos and Watson (2007). 
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interneurons, which exert coordinated inhibitory control over general network excitability 
in the hippocampus (Minneci et al., 2007).  
 
c. Stratum lucidium – The stratum lucidium is found only in the CA3 field of both dorsal 
and ventral hippocampal fields. It lies between the pyramidal cell layer and the stratum 
radiatum. The layer is also relatively cell - free but is occupied by Mossy fibres that project 
from the dentate gyrus to the CA3 subfield. 
 
d. Stratum radiatum – The stratum radiatum is located superficial to the stratum lucidium 
in CA3 subfields. In CA1 and CA2 subfields, where the stratum lucidium is absent, it is 
immediately superficial to the pyramidal cell layer and contains the apical dendrites of the 
cells in the pyramidal cell layer. The stratum radiatum contains intrinsic fibre connections 
such as CA3 to CA3 connections and CA3 to CA1 connections. 
 
e. Stratum lacunosum-moleculare – This is the most superficial layer of the hippocampal 
region. It is the area that receives terminal projections from the entorhinal cortex, thalamus 
and other cortical areas (See Cappaert et al., 2015 for reviews). 
 
Taken together, the layers are compact, they contain some component of the cells in the pyramidal 
cell layer i.e., either apical dendrites or axons, and occupy a space of about 50 – 150 µm in a cross 
section. Thus, during investigations involving chemical microinjection, it is assumed that stereotaxic 
infusions of at least 200 nL on any of the layers will diffuse into a circumference that should 
encompass the pyramidal cell layer.  
   
1.2.3. Differences between the CA1 and other CA Subfields 
The CA1 field has been distinguished from CA2 and CA3 fields based on morphological and 
electrophysiological properties. The morphological differences relate in part to the soma size of 
pyramidal cells. CA1 pyramidal cells are significantly smaller than those of CA2 and CA3 (Altemus 
et al., 2005; Mercer et al., 2007; Luszczewska-Sierakowska et al., 2015). Furthermore, the pyramidal 
cells of CA1 subfield give off apical dendrites that enter the stratum lacunosum-moleculare. This 
feature has been observed with both Golgi-cox and intracellular labelling techniques in monkeys 
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(Altemus et al., 2005). Electrophysiologically, the average spiking rate of CA1 cells is significantly 
higher than CA2 neurones but less than CA3 neurones (Mizuseki et al., 2012; San Antonio, 2014). 
These distinguishing features indicate differences in function and direct synaptic connections with 
nerve terminals from extrinsic sources. Most experimental studies that have explored the functions 
of the ventral hippocampus have focused on the CA1.  
 
1.2.3. Functional Cell Types in the Hippocampus 
The seminal discovery of place cells over four decades ago (O'Keefe and Dostrovsky, 1971) has 
significantly shaped the functional knowledge of cells in the hippocampus. The correlation of neurone 
firing activities with particular locations of an animal in a defined space suggested that hippocampal 
cells could provide an accurate representation of the animal’s location. This discovery was termed 
“the biological global positioning system”, and it led to a Nobel Prize in Medicine and Physiology in 
2014 (Nobel Media AB, 2014). Since the discovery of place cells, several studies have attempted to 
further characterise the morphological features and physiological properties of the cells as well as 
define their precise distribution in the hippocampus. To this end, studies have suggested that there is 
a high density of place cells in the dorsal parts of the CA1 region (Henriksen et al., 2010). This 
observation implies that cells in the ventral hippocampus serve other functions, but these have not 
been accurately defined.  
 
Preliminary investigations into the cell types within the microcircuitry of the ventral hippocampus 
have reported the presence of a2GABAA receptors, which are consistently implicated in fear and 
anxiety (Vollenweider et al., 2011; Engin et al., 2016). Ongoing efforts to expand on the implications 
of this finding and unveil alternate functions, if any, have led to basic neuroanatomical tracing studies 
and physiological investigations. 
 
1.2.4. Structural and Functional Segregation of the Hippocampus 
In the past decade, emerging evidence has argued in favour of anatomical and functional differences 
between the dorsal and ventral hippocampal fields (Bannerman et al., 2004b; Trivedi and Coover, 
2004; Strange et al., 2014). The dorsal field of the hippocampus is the area adjacent to the septum 
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and corresponds with the posterior hippocampus in humans while the ventral field is the distal half 
of the hippocampus located medial to the amygdala in the temporal lobe, and it corresponds with the 
anterior hippocampus in humans (Witter and Amaral, 2004a). Although both fields possess similar 
cytoarchitectural configuration, less attention has been given to the ventral hippocampus. This may 
be due to focus on elucidating and expanding on the breakthroughs that emerged from the dorsal field 
of the hippocampus i.e. the discovery of place cells. Today, the differentiation into dorsal and ventral 
fields is becoming very significant as physiological, lesion and molecular studies uncover major 
differences (Bannerman et al., 2004b; Trivedi and Coover, 2004).  
 
While the dorsal hippocampus is implicated in spatial navigation, episodic memory and associative 
learning, the ventral hippocampus is implicated in modulating stress responses and emotional 
behaviours such as fear and anxiety (Strange et al., 2014). This functional difference has been studied 
using a range of approaches among which include behavioural assays following specific localized 
lesions (McHugh et al., 2004; Pentkowski et al., 2006) or chemical stimulation and inhibition of 
various neurone populations within the ventral and dorsal hippocampus (Bertoglio et al., 2006; 
McHugh et al., 2008; Zhang et al., 2014). These studies demonstrate a role for the ventral 
hippocampus in anxiogenesis without any significant contribution from the dorsal hippocampus. On 
the other hand, lesioning and inactivation of the dorsal hippocampus disrupts spatial memory (Morris 
et al., 1982) and produces learning deficits in rats (Moser et al., 1995; McHugh et al., 2008).  
 
Interestingly, using a combined approach of optogenetics and electrophysiology, Ciocchi et al. (2015) 
demonstrated that the ventral hippocampus is capable of sending information of emotional content to 
specific neurone populations in the amygdala, nucleus accumbens and medial prefrontal cortex. In a 
combined experimental approach of multi-site neural recording and optogenetics, Padilla-Coreano et 
al. (2016) showed that inhibition of ventral hippocampus input to the medial prefrontal cortex disrupts 
the behavioural expression of anxiety. However, studies of this association have given less attention 
to the involvement of the ventral hippocampus in modulating basic physiological parameters such as 
respiratory and cardiovascular function (Lockmann et al., 2016). Rather more attention has been 
given to holistic behaviours. 
 
Motor and autonomic functions are amenable to modulation by the ventral hippocampus through 
direct and multisynaptic connections to the hypothalamus (Herman et al., 2005) and perhaps the 
periaqueductal gray (PAG).  Carrive and Morgan (2012) reported defensive freezing posture upon 
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stimulating the dorsal region of the PAG, and Ballesteros et al. (2014) demonstrated that lesions in 
the ventral hippocampus affected the ability of the PAG to respond. Their study reported that neither 
the dorsal nor ventral hippocampal lesion completely disrupted PAG activity. However, ventral 
hippocampal lesions significantly reduced defensive freezing behaviour (Ballesteros et al., 2014). A 
similar report by Rogers et al. (2006) emphasised a greater involvement of the ventral hippocampus 
in fear conditioning. Thus, in addition to ventral hippocampal connections to the hypothalamus, these 
findings suggest possible connections of the ventral hippocampus to the PAG.  
 
1.3. Neuronal Connections of the Hippocampus 
In addition to identifying the role of specific cells and regions of the hippocampus, an understanding 
of the function of the hippocampus can be gained by an analysis of the neuronal projections to and 
from this region. The hippocampus possesses unique intrinsic and extrinsic connectivity patterns 
regulating other regions, including autonomic function.  
 
1.3.1. Intrinsic Circuits of the Hippocampus 
The intrinsic connections of the hippocampus have been described as having a unique glutamatergic 
unidirectional organisation (Andersen et al., 1971), although some studies have reported a co-
localization of both glutamate and GABA within the same terminals (Munster-Wandowski et al., 
2013). The intrinsic circuit is thought to begin in the associated entorhinal cortex, which is a region 
believed to link projections from other cortical areas with the hippocampus proper. The entorhinal 
cortex then sends excitatory signals to the dentate gyrus through a fibre bundle called the perforant 
pathway. Neurones of the dentate gyrus project to the hilus of CA3 field through Mossy fibres. The 
CA3 neurones, in turn, project to the CA1 area through the Schaffer collaterals. The CA1 neurones 
project to the subiculum, which sends projections back to the entorhinal cortex and other cortical 
structures (Witter et al., 2000). A simplified illustration of the unidirectional circuit within the 
hippocampus is presented in Figure 1.3. Although the contribution of each area in this circuit is still 
under investigation, it is known that signals reaching the hippocampus are processed through this 
intrinsic loop before they are transmitted to downstream integration sites. 
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1.3.2. Output Pathway of the Hippocampus
The subiculum, which is located in both dorsal and ventral hippocampal fields, is a principal output 
structure of the hippocampus (O'Mara, 2005). Neurones of the subiculum receives major projections 
from the CA1 region and, in turn, targets various cortical and subcortical structures such as the infra-
limbic, entorhinal and perirhinal cortices, nucleus accumbens, thalamus and amygdala (Witter and 
Groenewegen, 1990; Witter et al., 1990). Subicular fibres travel through three principal routes: the 
fornix, angular bundle and amygdalo-hippocampal area (Agster and Burwell, 2013). While the dorsal 
subiculum utilizes the first two routes, the ventral subiculum predominantly utilizes the amygdalo-
hippocampal area to connect to the ventral hypothalamus and amygdala (Witter, 1986). However, the 
subiculum is not the only output structure of the hippocampus as the ventral CA1 region also sends 
direct projections to cortical and subcortical structures (Cenquizca and Swanson, 2006; Ishikawa and 
Nakamura, 2006; Kishi et al., 2006; Cenquizca and Swanson, 2007). Perhaps there are different 
neurotransmitter synaptic mechanisms in the connections between the subiculum and the ventral 
CA1. The two connections may also be driving different physiological processes, but these have not 
been tested. It is also unknown if each pathway serves a different behavioural function. 
 
Figure 1.3: A representation of the hippocampal-parahippocampal neuronal circuitry for information 
processing. The illustration shows the unique unidirectional connectivity loop within the 
hippocampus. Note that while the subiculum is the major output structure in the loop, it also 
projects back to the entorhinal cortex. This projection is represented by the red shaded arrow 
from the subiculum to the entorhinal cortex. 
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Figure 1.4: Schematic diagram of a coronal brain section highlighting the four different regions of 
the subiculum, i.e., dorsal-distal, dorsal proximal, ventral-distal, and ventral-proximal, 
indicated with different shadings. The connected boxes show the specific sets of target-
structures for each area that characterize the different areas of the subiculum. Adapted 
from Naber and Witter (1998). 
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Extrinsic connections that probably influence autonomic activity include connections with the medial 
prefrontal cortex, specifically the infralimbic (Swanson, 1981; Cenquizca and Swanson, 2007) and 
prelimbic areas (Verwer et al., 1997; Cenquizca and Swanson, 2007), hypothalamus (Cenquizca and 
Swanson, 2006) and amygdala (Kishi et al., 2006). In vivo electrophysiological cell recording, 
histochemical labelling and neurone tracing support the notion that the projections from the dorsal 
hippocampus are principally GABAergic (Jinno et al., 2007; Miyashita and Rockland, 2007). The 
amygdala received inputs from the ventral hippocampus (Kishi et al., 2006). The functions and 
synaptic mechanisms of cells in the ventral hippocampus, particularly regarding emotional 
behaviours, are uncertain. However, the complex and robust connections to other critical limbic 
structures emphasise the hippocampus as a pivotal structure in processing emotions. In addition, the 
medial prefrontal cortex, amygdala and hypothalamus, have influences over motor and autonomic 
function through their connections with brainstem autonomic control centres (Burns and Wyss, 1985; 
Masaoka and Homma, 2004; Guyenet, 2006; Alexandrov et al., 2007; Homma and Masaoka, 2008; 
Hassan et al., 2013). Thus, they represent potential indirect pathways for hippocampal modulation of 
autonomic activities, but the potency of these connections has not been explored. 
 
1.4. Role of the Ventral Hippocampus in Emotions  
Emotions are physical behaviours that reflect the sensory integration of an individual relative to past 
experiences. These behaviours, which are expressed as joy, sadness, pleasure, fear, etc., are 
subjective, yet significantly well-defined and reproducible under experimental conditions. The 
Pavlovian fear-conditioning paradigm has been a very useful tool in defining and reproducing 
emotions in animals for experimental studies (Maren and Holt, 2004; Kim and Jung, 2006; Maren, 
2008). The paradigm involves the pairing of two stimuli: a conditioned stimulus (CS; non-aversive 
stimulus) usually a light or a sound, and an unconditioned stimulus (US; aversive stimulus) often a 
foot shock. Following repeated pairing, the CS can produce the effect of the US (fear reaction). This 
paradigm has been used to objectively reproduce fear, a primary emotion that is conserved across 
species (LeDoux, 2003, 2007, 2012). 
 
There is an abundance of evidence implicating the hippocampus as a critical structure in the neural 
circuit that produces Pavlovian fear conditioning. For example, several studies have shown that 
lesioning the hippocampus in rats produces deficits in the acquisition and expression of conditioned 
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fear particularly in relation to context (Anagnostaras et al., 2002; Kjelstrup et al., 2002; Burman et 
al., 2006; Rogers et al., 2006; Ballesteros et al., 2014). While this deficit applies to lesions of both 
dorsal and ventral hippocampus, Maren (1999) and Richmond et al. (1999) showed that deficits in 
freezing to auditory conditioned cues are restricted to the ventral hippocampus. However, lesioning 
as a technique to understand functions is questionable due to the ability of the brain to recruit alternate 
neural circuits that may mask the effects of lesions. For this reason, Bast et al. (2001) and Maren and 
Holt (2004) used tetrodotoxin, which completely blocks neural activity and the GABAA agonist, 
muscimol, which increases the inhibition threshold of GABAA mediated receptors in separate lines 
of experiments. These agents were infused into the ventral hippocampus while examining the role of 
the hippocampus in the Pavlovian fear conditioning paradigm. It was observed that inhibiting the 
ventral hippocampus impaired the ability of the rat to respond to conditioned auditory cues as indexed 
through freezing behaviour (Bast et al., 2001; Maren and Holt, 2004). Similar experiments, but using 
the more refined and specific approach of optogenetics, also demonstrated the alteration of contextual 
fear following inhibition of neurones in the ventral hippocampus (Goshen et al., 2011). Apart from 
conditioned auditory and visual cues, research into alternate cues that could be potentially impaired 
by the ventral hippocampus has not been exhaustively reported. Thus, it is uncertain if inactivating 
neurones in the ventral hippocampus simply obstructs pathways from the auditory and visual centres, 
or if the neurones are directly involved in a network that regulates the expression of fear. However, 
the evidence from both lesions and inactivation studies place the ventral hippocampus in a crucial 
position in the circuitry through which emotions of fear are expressed. 
 
1.4.1. Ventral Hippocampal Inputs to the Amygdala Mediates the 
Expression of Emotions 
The amygdaloid complex is a collection of nuclei located in the temporal lobe involved in mediating 
emotions of fear and anxiety (LeDoux, 2003; Pare et al., 2004; Tye et al., 2008; Tye et al., 2011). The 
earliest neural substrates associated with the Pavlovian paradigm was in the amygdala before the 
discovery that lesioning the hippocampus abolishes the Pavlovian reflex. Furthermore, Henke (1990) 
showed that high-frequency stimulation of the ventral CA1 region evoked potentials in the amygdala, 
and animals that received such stimulations were less vulnerable to the physical manifestations of 
stress, which is a product of sustained emotional challenge. In an attempt to clarify the basic circuit 
physiology of the relationship between the hippocampus and amygdala, Herry et al. (2008) 
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demonstrated a link using paired extracellular stimulation and recording techniques. Their 
experiments examined antidromic and orthodromic collision between the ventral hippocampus and 
amygdala in mice, and reported only orthodromic spikes in the amygdala elicited by extracellular 
stimulation of the ventral hippocampus. The collision was observed with groups of neurones in the 
basal amygdala that also exhibit increased firing activity in response to conditioned fear stimulus 
(Herry et al., 2008). This finding indicated a strong physiological association between the neurones 
in the ventral hippocampus and the expression of fear, with the amygdala as a mediator. The finding 
also clarified the travel direction of impulses between the ventral hippocampus and basal amygdala. 
However, the full implication of impulses generated in the ventral hippocampus and sent to the 
amygdala is still under investigation.  
 
Within the amygdala, the basomedial nucleus is of particular interest because studies have 
demonstrated autonomic modulation by pharmacologically manipulating this nucleus (Yoshida et al., 
2002; Mesquita et al., 2016). However, the results obtained were not consistent, and this was 
attributed to differences in experimental setup, i.e., anaesthetised (Yoshida et al., 2002) versus awake 
(Mesquita et al., 2016) rats. Thus, there is no consensus on the inherent mechanisms but an indication 
of physiological interaction with brainstem autonomic control centres.  
 
The internal circuit of the amygdala is organised in a fashion where inputs from the entire complex, 
including the basomedial nucleus, converge in the central nucleus for processing and transmission to 
lower brain areas. Studies have demonstrated projections from the central nucleus of the amygdala to 
the midbrain autonomic centres (Rizvi et al., 1991; Oka et al., 2008), and further downstream to the 
nuclei in the ventrolateral medulla, with the former circuit being inhibitory and the later excitatory. 
The central nucleus of the amygdala is also known to project directly to the lateral nucleus of the 
hypothalamus (Price and Amaral, 1981), and the dorsal motor nucleus of the vagus (Schwaber et al., 
1982), which are potent modulators of the cardiovascular system through activating the sympathetic 
nervous system in a manner similar to activation by fear and anxiety (LeDoux et al., 1988). These are 
viable structural pathways that the amygdala may use to relay modulatory signals from the ventral 
hippocampus to motor and autonomic control centres in the brainstem.  
 
Studies have proposed a pathway where the ventral hippocampus could use the cingulate cortex to 
generate autonomic responses (Ruit and Neafsey, 1988). However, this pathway is unlikely since 
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Westerhaus and Loewy (2001) demonstrated, using trans-synaptic viral tracing techniques, that there 
is no connection between the cingulate cortex and sympathetic control centres. 
 
 
 
 
1.4.2. The Physiologic Component of Emotions  
A common feature in the expression of all emotions is an engagement of the sympathetic nervous 
system evident by an upward shift in heart rate and blood pressure. While these autonomic changes 
take place, motor adjustments in breathing pattern may occur. Though sometimes physically 
concealed, these motor and autonomic changes are the most consistent components of emotional 
behaviours. Even with human affective disorders such as post-traumatic stress disorder and bipolar 
disorders (Frey et al., 2007; Bonne et al., 2008), which have robust hippocampal involvement, the 
underlying autonomic dysregulation constitutes a main cause of debilitation. Despite these facts, the 
interactions between limbic structures that process emotions and modulation of autonomic function 
are not clear.  
 
Figure 1.5: Schematic diagram of proposed inputs to the basal nucleus of the amygdala, and 
outputs to various target structures with the possible functional implications of these 
connections. Adapted and modified from (Davis and Whalen, 2001). 
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1.4.3. Brainstem circuits involved in generating and driving 
respiratory and cardiovascular function 
One mechanism through which the limbic system can modulate autonomic activities is by altering 
the pattern of respiratory and cardiovascular rhythm generators in the brainstem. Respiratory rhythm 
generators are composed of a series of nuclei organised in longitudinal columns. The columns extend 
from the pons to the lower medulla and are made up of neurones that fire rhythmically to maintain 
the tempo and periodicity of the various components of breathing (Cohen, 1979; Feldman, 1986). 
Respiratory-related neurones are distributed in the nuclei of the Bötzinger (BötC), preBötzinger 
(PreBötC), retro facial, ambiguous and retro ambiguous (NRA). The PreBötC establishes the rhythm 
in conjunction with inspiratory and expiratory premotor neurones in the BötC and NRA. These basic 
control circuits are also connected with circuits in the parafacial group, which can control respiratory 
rhythm under some circumstances. The pooled activities of these circuits provide the ultimate drive 
to the phrenic, abdominal and other spinal motor neurones, and probably to the airway accessory 
muscle motor neurone pools. It is important to note that the activities of these respiratory-related 
neurones can also be modified by descending inputs from specific neurones in the midbrain as coping 
strategies to adapt to environmental or emotional challenges (Dampney et al., 2013). The midbrain 
is, in turn, subject to influence from the forebrain (Beart et al., 1990; Floyd et al., 2000).  
 
A change in breathing pattern is a potent factor that resets the cardiovascular system. Alternatively, 
circuits of the rostral (RVLM) and caudal (CVLM) ventrolateral medulla groups are responsible for 
the tonic and reflex control of cardiovascular function. Neuronal activities in these two groups are 
opposing as the stimulation of the RVLM increases blood pressure and sympathetic nerve activity in 
sharp contrast to the CVLM (Campos et al., 2008). The changes could result from peripheral reflexes 
or descending signals from central structures such as the hypothalamus and cerebral cortex (Guyenet, 
2006; Thomas, 2011). Descending central circuits are particularly potent because of the cognitive 
aspects of sensory perception Research examining the central structures and circuits with the potential 
to modulate autonomic activities are not exhaustive. Furthermore, the mechanisms and pathways of 
interaction between forebrain-autonomic modulators and brainstem control centres are not clear.    
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1.6. Central Hypothesis 
The emergence of strong functional associations between the ventral hippocampus and the expression 
of emotions, as well as the potential connections between the ventral hippocampus and the amygdala 
suggests that these brain regions comprise a descending circuit capable of modulating behaviours 
associated with emotional processing. The amygdala has both sensory and motor components 
(LeDoux, 2007) meaning that structures within the amygdala have the capacity to receive sensory 
inputs and orchestrate responses through interactions with subcortical and brainstem structures. 
However, it is unclear if inputs of autonomic modulation also come from the ventral hippocampus. 
Thus, the central hypothesis to be tested in this thesis is that discrete neurone populations in the 
ventral hippocampus, via neuronal projections to the amygdala, can modulate bulbar motor and 
autonomic output. 
 
 
 
Figure 1.6: Graphical illustration of the central hypothesis of the current thesis. The ability of 
the ventral hippocampus to modulate motor and autonomic systems may occur 
through the amygdala, as an interphase between stimulated neurons in the ventral 
hippocampus and structures downstream that control respiratory and 
cardiovascular function. A potential implication of such synaptic interaction is 
that inhibiting the amygdala should reduce the motor and autonomic responses 
evoked from the ventral hippocampus.   
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1.6.1. The Aims of this Thesis 
The main objective of the investigations in this thesis is to physiologically map the hippocampal 
regions that trigger respiratory and cardiovascular responses, and to define the specific anatomical 
pathways that support these functions. Selection of these parameters was informed by reports that 
respiratory periods, respiratory depths, heart rate and blood pressure are physiologic measures that are 
involved in autonomic changes during emotions (Kreibig, 2010).  
The specific aims of the study were to: 
 
1) Investigate and describe the respiratory and cardiovascular changes induced by chemically 
mapping the dorsal and ventral hippocampus with microinjections of the excitatory amino acid, 
D, L- Homocysteic acid. 
 
2) Investigate the distribution of descending projections of the hippocampus using classical 
neuroanatomical tract tracing techniques, with a particular focus on the connectivity of the 
ventral hippocampus and the amygdala.  
  
3) To extend the chemical mapping to specific areas in the amygdala that receive projections from 
the hippocampus and determine how such areas differ in their influence over motor and 
autonomic functions. This line of experiments will be followed by investigating the effects of 
inhibiting of the amygdala while stimulating the ventral hippocampus. Results from this study 
will test the hypothesis that the amygdala is the principal relay of the ventral hippocampus for 
the modulation of motor and autonomic activities. 
 
The knowledge obtained from these experiments will improve our understanding of the functional 
diversity of the hippocampus, particularly in terms of descending autonomic control, which forms a 
crucial part of emotional behaviours. Our results will also advance knowledge of the complex 
functional networks that sub serve hippocampal-driven activities. 
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CHAPTER 2 
 
MATERIALS AND METHODS  
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2.0. Introduction 
This chapter outlines detailed descriptions of all the materials and methods that were routinely used 
to conduct the majority of the experiments in this thesis. However, each experimental chapter will 
contain a brief experimental protocol, with references to the current chapter for routine procedures. 
Methods that are peculiar to a particular experiment are described in the associated experimental 
chapter.  
 
2.1. Experimental Animals 
All experimental protocols were reviewed and approved by the Animal Ethics Committee of the 
University of Queensland (UQCCR/262/13/APCN), and experiments were carried out in accordance 
with the national research guidelines. Efforts were made to minimise the number of animals used as 
well as animal discomfort. 
 
Experiments were carried out on adult Sprague-Dawley rats (350 – 600 g). An initial purchase of 
adult rats was made and used to set up a breeding colony at the Herston Medical Research Facility 
(HMRC), Herston. The rats were housed in groups of 3 – 4 per cage and kept in rooms with controlled 
temperature (22 ± 2 oC) and a 12-hour light-dark cycle (light on from 06:00 to 18:00 hours), with 
food and water ad libitum. Animals were physically assessed to ensure good health before conducting 
any experiment. 
 
2.2. General Experimental Procedures 
2.2.1. Anaesthesia 
For acute physiological experiments, rats were induced and maintained under anaesthesia using 
urethane (ethyl carbamate), a long-acting anaesthetic, at a dose of 1.5 g/kg of body weight, 
intraperitoneally (IP). Before commencing surgery, animals had to assume a suitable plane of 
anaesthesia. The depth of anaesthesia was frequently monitored by checking corneal and hind paw-
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pinch stretch reflexes. Animals were considered to be in a suitable plane of surgical anaesthesia if 
they were non-responsive to these stimuli. Prophylactic doses of atropine methyl nitrate (0.05 mg/100 
g) were administered intramuscularly (IM) before surgery to reduce respiratory secretions. Femoral 
artery and venous cannulation were routinely performed to connect the rat to blood pressure 
transducers and replacement fluid line, respectively. However fluid therapy was rarely used. A typical 
indication for fluid therapy in experimental rodents is loss of skin turgor and this was constantly 
checked by gently lifting the loose skin on the dorsum. If the skin does not snap right back (i.e. if it 
tents), the animal is considered duration and a candidate for fluid therapy. Supplementary doses of 
urethane (0·15 - 0·3 g/kg) were administered intravenously (IV) through the femoral vein during 
experiments, as required. During experiments, a good surgical plane of anaesthesia was confirmed by 
regular breathing and a stable mean arterial blood pressure of 100 ± 20 mmHg even after applying 
nociceptive stimuli such as paw or tail pinch. 
 
2.2.2. Tracheotomy 
A Tracheotomy was performed in all non-recovery physiology experiments to connect the animal to 
a mechanical ventilator, if needed, and to monitor tracheal pressure in some experiments. The trachea 
was exposed by blunt dissection following a midline incision of the neck, with the overlying muscles 
being reflected laterally. A transverse incision was then made between the sixth and seventh 
cartilaginous tracheal rings. The incision was carefully extended dorsally until it was sufficient for a 
14 G tracheostomy cannula to be inserted. The laterally reflected muscles were then sutured back.  
 
2.2.3. Monitoring of Cardiorespiratory Output 
Recordings of the chest wall displacement and diaphragm electromyogram (EMG) were used to 
monitor respiratory rate while arterial blood pressure and heart rate were used to monitor the 
cardiovascular system.  
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2.2.3.1. Chest wall displacement 
A force transducer (WPI, Inc) was used to monitor chest wall displacement. The force transducer 
works on the principles of measuring static and dynamic tensile loads. A string of stainless steel wire 
(0.003² bare, 0.0055² coated; A-M Systems) was anchored to the loose skin on the dorsum of the 
thoracic cavity and then attached to the transducer, which was mounted on the stereotaxic frame. 
 
2.2.3.2. Diaphragm EMG 
In each animal, a transverse incision was made through the rectus abdominis muscle at the level of 
the xiphoid cartilage. The liver was then reflected to expose the crural diaphragm. A pair of fine 
platinum wire electrodes was implanted in the crural diaphragm (0.003² bare, 0.0055² coated; A-M 
Systems). Electrode lengths of about 20 cm were used for each recording. A portion of the Teflon 
coating was stripped at the end and middle of the electrodes (approximately 5 mm each). The 
electrodes were then threaded through the crural diaphragm by secure attachment to a 17 mm ½ circle 
reverse cutting suture needle. The electrodes were pulled through until the bare middle portion was 
in contact with the diaphragm. The loop was knotted to maintain contact and so that it was not easily 
pulled out of the muscle. Caution was applied to prevent pneumothorax. The stripped end was then 
connected to a bio-amplifier through a wire relay. A reference electrode was attached to the body. 
The abdominal incision was closed with a continuous suture pattern, holding both the muscles and 
skin together to maintain contractile pressure. Skin adhesives were also applied to secure the stitch. 
This method was adopted from Subramanian (2013). At the end of each experiment, the diaphragm 
was carefully removed to assess electrode placement. Through this system, the electromyographic 
activity of the diaphragm was recorded and used to monitor respiration by observing the duration of 
each component of respiration. 
 
i. Inspiratory duration (Ti): Each burst of diaphragmatic electromyogram activity was 
considered an inspiration. This was defined as the inspiratory duration (Ti). The precise 
duration was calculated offline by highlighting the period of activity in the LabChart 
software and obtaining its numerical value in seconds from the ‘Data Pad’ function of the 
same software.  
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ii. Expiratory duration (Te): The duration from the end of an inspiratory period to the start 
of the next was defined as expiratory duration. This period was extracted following the 
same procedure used to extract Ti. 
 
 
Figure 2.1: Diagrammatic illustration of my typical experimental set up for chemical mapping of 
the hippocampus. Three channels for recording respiratory activity is represented in 
the diagram (tracheal pressure, chest wall force displacement and diaphragm EMG). 
In order to minimize trauma, note that not all three channels were used in every set 
up. However, efforts were made to maintain the same recording channels in every line 
of experiment to ensure uniformity. 
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Figure 2.2: Chest wall displacement is synchronous with diaphragm EMG signatures. The upper tracing indicates the breathing pattern of a rat 
recorded using a pressure transducer. The lower tracing is a diaphragmatic electromyogram used to which was used as a proof-of-
principle for establishing the periods of inspiration and expiration. 
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Diaphragm electromyogram signals were amplified (Octal Bio Amp, ADInstruments) and band-pass 
filtered (5 kHz – 10 Hz) with a range of 50 mV. PowerLab Chart software (LabChart® pro v 8.1.3, 
AD Instruments, Sydney) was used to ensemble averages derived from amplified (1000x), low pass 
filtered signals using sampling rates 20,000 s-1 and analysed off-line. 
 
Correlating the periods of inspiration and expiration obtained from the diaphragm with chest wall 
readings from the force pressure transducer enabled precise extraction of Ti and Te from the force 
transducer when used alone.  
 
i. Respiratory rate: this was calculated using the standard formula of dividing 60 by the 
sum of Ti and Te. This was presented as breaths per minute. 
 
 
 
 
2.2.3.3. Arterial blood pressure and heart rate 
An incision was made in the right inguinal region of the rat and the femoral artery was cannulated 
with a catheter (1 mm internal diameter) filled with heparinized saline (100 IU/mL) to record blood 
pressure. The catheter was inserted into the femoral artery until it reached the aorta (about 4 cm) and 
then secured tightly with ligatures. The catheter was then connected to a pressure transducer 
(Memscap). An Octal Bio Amp-PowerLab-Macintosh (ADI Instruments, NSW, Australia) data 
acquisition system was used for collecting data. In this system, pressure oscillations from the 
transducer were filtered and amplified with a bioamplifier (ML136 Animal Bio Amp; 
ADInstruments, NSW, Australia), and then digitised on an acquisition board (PowerLab 16/35 
ADInstruments, NSW, Australia). LabChart pro software (v 8.1.3) for Macintosh computer was used 
to record real-time pulsatile blood pressure, which was stored in files for offline analysis. Heart rate 
was automatically extracted during the offline analysis.  
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2.2.4. Stereotaxy 
Animals were placed in a prone position and carefully fitted in a stereotaxic apparatus (Narishige 
Scientific Instrument Lab.). An incisor bar was used to anchor the incisors. Ear bars were firmly 
inserted into the inner ear by fixing one ear bar to the stereotaxic frame and gradually sliding the 
corresponding ear through. While holding the head firmly with the fixed ear bar, the second ear bar 
was inserted into the second ear and tightened. Proper placement was verified by an inability to move 
the animal’s head laterally. Proper placement hinders lateral movement but permits vertical 
movement along the pivotal axis of the ear drums-ear bars joint. Upon achieving proper head 
placement, the mouth and nose holder was tightened. Protective ophthalmic ointment (GenTeal â) 
was applied, and the scalp was shaved and disinfected with an antiseptic solution (Betadineâ) or 70 
% ethanol solution. 
 
2.2.5. Surgery, Craniotomy and Microinjections 
A midline incision of about 2 cm was made over the scalp using a scalpel blade or cauterizer (Erbe 
ICC 200) to minimise bleeding while exposing the skull. Improvised retractors were used to reflect 
the skin and subcutaneous muscles in order to expose the skull. Bregma and lambda were identified 
and used to ensure that the skull was in a flat position. In most cases, Bregma was used as the reference 
point, typically marked with a dot using a black pen. The tip of the Hamilton syringe (or glass 
micropipette tip attached to a pipette holder) was then lowered using a micromanipulator until it was 
directly above Bregma. This was performed with the aid of a standing surgical microscope. 
Micropipettes with a tip diameter of 20 – 30 µm were pulled using a Sutter pipette puller (P-97, 
Novato, CA). Micropipettes were calibrated to enable delivery of precise volumes of drugs into the 
brain. Coordinates of the anterior-posterior position, medial-lateral position as well as the depth of 
Bregma were recorded, and calculations were made for various target regions according to Paxinos 
and Watson, 2007. Small boreholes ( » 2 mm in diameter) were drilled using a craniotomy drill 
(Microtorque II, SDR Scientific) to expose and allow access to the brain. A nick was made in the 
dura mater to enhance precision and prevent destroying the fragile tip of glass micropipettes. 
Electrodes (glass micropipettes or steel microelectrodes) or Hamilton syringes were lowered into 
target areas using micromanipulators and microscopic guidance.   
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Figure 2.3: Pictures of routine experimental set-ups showing implanted probes for monitoring the autonomic nervous system A) a spontaneously 
breathing urethane-anaesthetised rat setup for chemical mapping of the hippocampus, B) Isoflurane-anaesthetised rat setup for injecting 
neuroanatomical tracers into the brain, C) femoral artery cannulation for monitoring and recording arterial blood pressure and D) the 
crural portion of the diaphragm with the implanted electrodes for monitoring and recording respiratory activities. 
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Micropipettes were calibrated to ensure delivery of accurate volumes of DLH. Chemical mapping 
was performed using the excitatory amino acid, D, L, Homocysteic acid (DLH) mainly using 
Hamilton syringes. All microinjections for stimulation studies were unilaterally infused over a period 
of 10 - 15 seconds. The injection cannula remained in place for approximately 20 minutes after 
infusion, which was sufficient time for the effect of an injection to subside before administering 
another dose. Where a responsive site was located, higher doses where tested in subsequent animals. 
In some cases, after replicating the response three times in a single animal, a higher dose was injected 
after an intermission period to ensure that the effect of the preceding injection had completely 
resolved. In the experiments were the Hamilton syringe was used (Chapters 3 and 4), rhodamine 
beads were included in the DLH preparation. However, where micropipettes were used (Chapter 6), 
the DLH pipette was swapped by a dye filled pipette to mark the stimulation sites. Efforts were made 
to calibrate the pipettes used to ensure that controlled volumes were injected. 
 
2.2.6. Histology 
At the completion of each experiment, rats were euthanased with an intravenous injection of 
Nembutal (100 mg/kg), the chest was surgically opened, and the brain perfused through the left 
ventricle with approximately 300 mL of 0.1 M PBS followed by 300 mL of 4 % PFA. The brain was 
then carefully extracted and fixed in 4 % buffered formalin solution for 5 - 16 hours in a fridge at 4 
oC. The brains were then transferred to phosphate buffered saline and stores in the fridge (4 oC) until 
the time of sectioning. Serial sections were cut at 50 µm using a vibrotome (Zeiss Hyrax V50) and 
immediately mounted on gelatin-coated slides. Sections were then dehydrated through a graded series 
of alcohol (50 %, 70 % 90 %, 95 %, 100 % and 100 % for 2 minutes each) and cleared in xylene (2 
x 2 minutes). The sections were rehydrated through a descending series of alcohol (100 %, 95 %, 90 
%, 70 % and 50 %), then into distilled water before staining. After staining the sections were 
dehydrated again (50 %, 70 % 90 %, 95 %, 100 % and 100 % for 2 minutes each), cleared with xylene 
(2 x 2 minutes) and then cover-slipped with a mountant, depex or fluoromount (Gurrâ).  
 
2.2.6.1. Histochemical staining  
A modified Thionin histochemical staining protocol was routinely used to process brain slices for the 
visualisation of stimulation sites. Thionin is a strongly metachromatic dye, useful for staining of acid 
mucopolysaccharides. It is a common nuclear stain and can be used for the demonstration of Nissl 
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substance in nerve cells of the CNS. Thionin at a concentration of 0.1 % was constituted from two 
separate solutions: 
 
SOLUTION A: 0.2 % Sodium acetate buffer  
- 1.64 g sodium acetate anhydrous was added to 20 mL distilled water and stirred until 
dissolved. 
- 20 mL of glacial acetic acid was added to 0.2 % sodium acetate buffer. 
 
 
 
SOLUTION B: 0.1 % Thionin solution 
- 0.8 g of thionin was added to 20 % sodium acetate/acetic acid buffer. 
- 760 mL of distilled water was then added to the solution. 
- The solution was stirred until dissolved. 
 
- The dissolved solution was filtered before use. 
 
The final solution efficiently penetrates neurones fixed in 4 % paraformaldehyde and presents Nissl 
substance purple/dark blue while neurones and cell nuclei are purple/blue. However, caution was 
observed not to fix the tissues for too long so that penetration of thionin was efficient. 
 
2.2.7. Data Analysis 
During the experiments, details of drug dosage, time of microinjection and specific site of injection 
were noted. Other experimental manipulations and comments made during experimentation were 
registered on the chart record while being played. The injection sites were histologically verified after 
each experiment and photomicrographs were exported to Adobe Photoshop CC2015.5.0 (Adobe 
Systems Inc., CA, USA) to adjust contrasts and brightness only. 
 
Offline analysis of physiological tracings included an extraction of inspiratory and expiratory 
durations for up to ten consecutive respiratory cycles before stimulation (baseline). The values were 
tabulated on an excel spread sheet for comparison with similar parameters in the period of respiratory 
adjustment after the injections (effect). Respiratory rate was manually calculated by dividing 60 
minutes by the sum of inspiratory and expiratory duration. To avoid the errors of manual calculations, 
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a formula to automatically deduce respiratory rate was built into Microsoft Excel. For blood pressure 
and heart rate, baseline data was collected at a ten seconds interval for sixty seconds before 
stimulation. Mean arterial pressure and heart rate were derived from pulsatile arterial pressure and 
processed offline. Effective periods were usually longer because the generated cardiovascular effects 
could last up to 15 minutes (this was very variable). Thus, to maintain consistency across subjects, 
values at 10 second intervals for 5 minutes were pooled together to form the effective periods. This 
period usually encompassed peak values. In all cases, values of the baseline were compared with 
effect periods using Students t-test or analysis of variance (ANOVA) statistical measures on Graph 
Pad Prism Software. Graphs are displayed as mean ± standard error of the mean (SEM). The standard 
nomenclature for indicating significance level, which includes * P < 0.05, ** P < 0.01, *** P < 0.001 
and **** P < 0.0001 was applied in the figures. Representative chart records were exported into 
Adobe Illustrator CC 2015.3.0 (Adobe Systems Inc., CA, USA) and transformed to vector-based 
graphics for figurative data presentation.  
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CHAPTER 3 
 
HIPPOCAMPAL MODULATION OF 
RESPIRATORY AND CARDIOVASCULAR 
FUNCTION 
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3.0. Introduction 
During emotional and survival behaviours, respiratory and cardiovascular functions are critical in 
maintaining homoeostasis. Anatomical projections and microstimulation studies of designated 
regions in the midbrain suggest that the periaqueductal gray (PAG) can alter rhythmic respiratory and 
cardiovascular function by modulating the activities of selected brainstem nuclei (Carrive et al., 1987; 
Carrive et al., 1988; Chen and Aston-Jones, 1995, 1996; Odeh and Antal, 2001; Subramanian and 
Holstege, 2013, 2014). The induced changes mimic those of emotional and survival behaviours to 
environmental challenges (Carrive, 2006). However, neurone-tracing studies demonstrating the 
presence of fibres projecting from the forebrain to the PAG (Rizvi et al., 1991; Floyd et al., 2000), 
suggest that modulatory signals from the limbic system may also be altering PAG neuronal activities. 
This circuit is believed to be a pathway through which limbic brain areas modify respiratory and 
cardiovascular function.  
 
The hippocampus is a critical part of the limbic system, and there is evidence to show its involvement 
in modulating autonomic tone (Westerhaus and Loewy, 2001; Kuntze et al., 2016). Anatomical 
mapping of the entire cortex, using retrograde trans-synaptic viral tracers injected into the adrenal 
gland and the stellate ganglion, has been used to identify sympathetic-related cortical areas 
(Westerhaus and Loewy, 2001). The results of these studies implicate the ventral field of the 
hippocampus as a potent source of cortical input to medullary autonomic centres (Westerhaus and 
Loewy, 2001). Examples of physiologic conditions capable of generating typical sympathetic 
responses include the behavioural expression of emotions such as fear and anxiety. Again, the ventral 
hippocampus, which is distinctly segregated from the dorsal field (Moser and Moser, 1998; Fanselow 
and Dong, 2010), is implicated in these behaviours (Bannerman et al., 2003; Pentkowski et al., 2006; 
Frey et al., 2007; Bonne et al., 2008; Engin et al., 2016). Measures of anxiety, such as locomotory 
activity, thigmotaxis, defecation and response to foot shock, suggest that ventral hippocampal lesions 
produce anxiolytic effects (Bannerman et al., 2002; Deacon et al., 2002; Bannerman et al., 2003). 
Furthermore, studies show that during stress, the ventral hippocampus expresses steroid hormones 
responsible for metabolising the principal stress hormone, cortisol (Joels et al., 2007; Ergang et al., 
2014) thus implying that the ventral hippocampus plays a role in stress. Despite this abundant 
evidence implicating the ventral hippocampus in regulating stress and emotional behaviours, there is 
a paucity of evidence that the hippocampus, in turn, regulates respiratory or cardiovascular outflow, 
critical indices of emotional regulation of motor and autonomic function. 
 35 
The behavioural expression of stress and anxiety in mammals include vocalisation, changes in 
cardiovascular function and an increase in energy demand (Ehret, 2005; Portfors, 2007; Wohr and 
Schwarting, 2013). These parameters must be altered either as a survival mechanism in maintaining 
homoeostasis during a survival challenge or in preparation for expressing behaviours. Accordingly, 
a change in the pattern and outflow of breathing is expected to accompany emotionally-evoked 
autonomic responses (Homma and Masaoka, 2008), and this model will likely reflect the precise 
nature of the behavioural response. For instance, fright and flight are accompanied by rapid shallow 
breathing while speech or vocalisation usually requires increased respiratory frequency (Subramanian 
and Holstege, 2010). In rats, there is also an increased respiratory rate during exploratory sniffing 
(Carnevali et al., 2013). 
 
Since the ventral hippocampal region is strongly implicated in stress and anxiety behaviours and has 
anatomical connections with the sympathetic nervous system (Westerhaus and Loewy, 2001), this 
study tests the hypothesis that the ventral hippocampus exerts modulatory control over the more basic 
motor and autonomic drives, including respiratory and cardiovascular function. The aim of the study 
was, therefore, to physiologically map the hippocampus using microstimulation techniques in 
anaesthetised rats for areas that elicit changes in respiratory and cardiovascular outflow.  
 
3.1. Experimental Protocol 
This study was undertaken using 95 anaesthetised animals prepared using the procedures described 
in Chapter 2. The large size of the hippocampus suggested that there may be several neurone 
populations with different functions. Thus, so many animals were used in order to exhaustively map 
the area to locate neurone populations that could generate autonomic responses. All animals were 
spontaneously breathing. A 1 µL Hamilton syringe (MicroliterTM #7001), attached to a stereotaxic 
micromanipulator, was systematically lowered into the right dorsal and ventral hippocampus using 
the stereotaxic guidance charts of Paxinos and Watson (2007). The region spanning 1.92 – 4.92 mm 
caudal to Bregma for the dorsal hippocampus and 4.56 – 5.16 mm caudal to Bregma for the ventral 
hippocampus were mapped using microinjections of DLH, an excitatory amino acid, to excite cells 
in these areas to precisely locate those capable of producing emotional motor-like and autonomic 
changes. Microinjections were delivered at a 1 mm interval both rostrocaudally, dorsoventrally and 
mediolaterally to ensure that the entire area of the hippocampus was studied. Following the location 
of effective sites, in subsequent experiments, single glass micropipettes under microscopic guidance 
 36 
were used to specifically target such areas with DLH at a concentration of 50 mM and pH of 7.4. For 
each effective site located, the study was continued until sufficient rats for statistical analysis were 
available. This concentration of DLH (50 mM) has been used to excite cells in other brain areas 
(Subramanian and Holstege, 2011; Subramanian, 2013). Graded doses (100, 200 and 400 nL) of DLH 
were also used. Injections sites were marked with rhodamine beads (Sigma-Aldrich) for post-
procedural identification of injection sites. A maximum of 6 injections sites were made in each animal 
with an intermission period of at least 30 minutes given between injections to allow the effects of 
DLH completely wear off before giving the next dose. In addition to the intermission period, it was 
also ensured that autonomic changes had returned to baseline before administering the next dose or 
proceeding to the next sites. A period of 10 – 30 seconds before stimulation was used as the control 
in each round of injection.  
 
3.1.1. Histology and Imaging 
At the end of each experiment, the animal was transcardially perfused with 300 mL of 0.9 % saline, 
followed by 250 mL of 4 % paraformaldehyde in phosphate buffer at a pH of 7.2. After perfusion, 
the brain was removed and stored in 4 % paraformaldehyde for 2 hours, after which it was transferred 
for at least 48 hours into a 30 % sucrose/formaldehyde mixture for cryoprotection. Transverse brain 
sections (100 µm) were cut on a vibrating blade microtome (Zeiss, Hyrax V50, Germany) into a bath 
of 6 % sucrose and immediately mounted on gelatin-coated glass slides (Superfrost plus). Thicker 
sections were used to reduce the number of sections needing processing, to allow for staining of free 
floating sections without the risk of damaging the tissues and most importantly to facilitate the 
identification of neuronal nuclei which are often difficult to resolve in thinner sections. The slides 
were air dried and then placed in an oven at 37 oC for 1 hour. They were then stained using the 
modified Thioning staining protocol as described in 2.2.6.1. Sections were viewed, and images 
captured using a Stereomicroscope (Axioplan 2 imaging, Zeiss, Australia). The images were saved 
in Tagged Image File Format (TIFF) and exported to Photoshop CC2015.5 (Adobe Systems Inc., CA, 
USA) to enable adjustments to brightness where applicable, in addition to annotating. 
 
3.1.1.1 Golgi-Cox technique for visualizing neurone morphology  
To examine the morphology of single neurones in stimulation sites, a modified Golgi-cox 
impregnation was applied to enable visualisation of structural details and 3D reconstruction. The 
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Golgi-cox solution was made up of 5 % potassium dichromate, 5 % mercuric chloride and 5 % 
potassium chromate in a dark container, stored for five days and filtered. Animals were then perfused 
using the procedure described above but without paraformaldehyde. Following perfusion, brains were 
carefully extracted and immersed in the Golgi-cox solution for five days stored in an oven at 37 oC. 
After the fifth day, 300 µm brain sections were cut using a vibrotome and immediately immersed in 
well-plates containing 30 % sucrose for cryoprotection. While in the well-plates, the sections were 
dehydrated in 50 % ethanol for 5 minutes and then placed in 0.1 M ammonia solution for 30 minutes. 
This process is called alkalinization, and it enables stained neurones to appear intensely dark in colour 
against a yellowish brown background. The sections were then rinsed twice in distilled water (5 
minutes each) and placed in Fuji Film solution for 30 minutes in the dark. Sections were rinsed again 
twice (2 minutes each) and then dehydrated in a graded series of ethanol (70 %, 90 %, 95 %, 100 % 
and 100 %) for 5 minutes each. The sections were then transferred to a solution of chloroform, xylene 
and alcohol in a ratio of 1:1:1 and finally dipped in xylene before mounting and cover-slipping with 
depex. 
 
3.1.2. Data Analysis 
Respiratory and cardiovascular data were collected with LabChart® 7 (ADInstruments, Pty Ltd., 
Australia) for Mac. Post experiment, patterns of respiratory mechanics including the duration of 
inspiration (Ti) and expiration (Te), post-inspiratory duration (pI) and respiratory rate were 
calculated. Control values were extracted from a period of 10 seconds before stimulation. Before 
analysing cardiovascular data, the three phase deflections on ECG traces (characteristic of the QRS 
complex and corresponding to ventricular depolarization) were thoroughly checked to avoid false 
positive detections and missing or ectopic beats. QRS wave form represents electrical activities 
generated in the ventricles prior to ventricular contraction (Carbone et al., 2016). The size and shape 
of the complex is an index of the physiological status of the cardiovascular system as well as the 
quality of recording being derived (Bhoi and Sherpa, 2014). Control values for cardiovascular data 
were extracted for 30 seconds before stimulation. Mean arterial pressure (MAP) and heart rate (HR) 
were then calculated. All data was stored in Microsoft Excel 2011 and then exported to Prism 6 
(GraphPad Software, Inc.) for analysis. Data were presented as mean ± SEM. One-Way Repeated 
measure ANOVA and Dunnett’s multiple comparisons test was used to determine differences 
between baseline values and the different blocks of groups. Injection sites are presented as 
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representative photomicrographs as well as standard line drawings made with Adobe Illustrator CC 
according to the rat’s stereotaxic atlas of Paxinos and Watson (2007). Raw tracings from the computer 
were also exported into Adobe Illustrator for data presentation. 
 
3.2. Results 
The table below summarises the mean of cumulative values of the respiratory and cardiovascular data 
obtained in spontaneously breathing urethane-anaesthetised rats (n = 95). Values are expressed as 
mean ± standard error of the mean. 
 
3.2.1. Effects of Stimulation of the Ventral Hippocampus with 
DLH on Respiration 
D, L-Homocysteic acid stimulation of the ventral hippocampus had variable effects on the respiration. 
Two basic patterns of breathing were produced: tachypnoea and bradypnoea with changes in the 
amplitude of inspiration. When observed immediately following stimulation, the latency of these 
effects was also variable. However, with regards to respiratory function, a regular pattern of latency 
matched observed effects. i.e., bradypnoea occurred after a relatively long latency (» 15 seconds) 
compared to tachypnoea, which occurred following shorter latencies (» 2 seconds). Stimulation of 
the ventral hippocampus also evoked tachypnoea. Both inspiratory (Ti) and expiratory (Te) durations 
changed significantly (P < 0.001). Ti decreased from 0.483 ± 0.02 to 0.320 ± 0.02 seconds while Te 
decreased from 0.477 ± 0.02 to 0.311 ± 0.161 seconds. These changes resulted in increased 
respiratory frequency from 62.5 to 95.1 breaths/minute.  
 
In cases of bradypnoea, Ti increased from 0.442 ± 0.01 to 0.546 ± 0.02 seconds while Te increased 
from 0.438 ± 0.01 to 0.530 ± 0.02 seconds (P < 0.0001), bringing respiratory frequency to 55.8 
breaths/minute from a baseline of 68.2 breaths/minute. There was also a significant (P < 0.05) 
decrease in pI from 0.0630 ± 0.0071 to 0.0388 ± 0.0064 seconds. Most of the changes, particularly 
tachypnoea and bradypnoea, were accompanied by a reduction in respiratory effort (Figures 3.2 and 
3.3). 
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3.2.2. Effects of Stimulation of the Ventral Hippocampus with 
DLH on Cardiovascular Function 
Stimulation of the ventral hippocampus (CA1 region) with DLH consistently generated increases in 
blood pressure that lasted approximately 4 to 20 minutes. The rise in blood pressure appeared to 
depend on the volume of DLH injected. Stimulation of the ventral hippocampus with 400 nL of DLH 
(n = 6) significantly increased blood pressure (P < 0.05) from 67.70 ± 8.394 to 100.1 ± 4.319 mmHg. 
A transient spike in heart rate (P < 0.05) from a baseline of 260.8 ± 20.41 to 307.7 ± 6.126 
beats/minute was also observed. Stimulation of the ventral hippocampus with 200 nL of DLH (n = 6) 
increased blood pressure from a baseline of 98.26 ± 7.637 to about 106.0 ± 8.313 mmHg. With this 
volume of injectate, heart rate spiked to 443.8 ± 38.50 from a baseline of 425.6 ± 41.01 beats/minute.  
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Table 3.1: Mean baseline values of respiratory and cardiovascular parameters monitored in all the experimental subjects (n = 36). 
 
 
 Inspiratory duration 
(seconds) 
Expiratory duration 
(seconds) 
Respiratory rate 
(breaths/minute) 
MAP 
(mmHg) 
Heart rate 
(Beats/minute) 
 
Mean 
 
0.46 
 
0.46 
 
73.00 
 
83.92 
 
364.10 
SEM 0.01 0.01 1.90 6.76 17.37 
SD 0.16 0.16 23.90 13.52 81.45 
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Figure 3.1: Representative photomicrographs of stimulation sites in the current study (n = 95). The ventral (A - D) and dorsal (E & F) 
hippocampus that were investigated for the cardiovascular and respiratory control. Red arrows indicate estimated injection sites.  Scale 
bar: 200 µm  
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Figure 3.2: Stimulation of the ventral CA1 of the hippocampus produces a bradypnoeic response. Representative figure showing a typical 
bradypnoeic response generated from the ventral hippocampus. A) Traces of blood pressure and respiratory motor output. The tracing shows 
a slowing of breathing (bradypnoea) with a decrease in the amplitude of the inspiratory curve following a relatively prolonged latency (» 15 
seconds). B) A representative photomicrograph of the injection site in the ventral hippocampus. Note the circumferential spread of DLH. The 
red dot in the figures only indicates the injection site and not the spread of rhodamine (used throughout other representative figures). 
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Figure 3.3: Stimulation of a neuron population in the ventral CA1 of the hippocampus produces a tachypnoeic response.  This figure is a representative 
tracing showing a typical tachypnoeic response generated from the ventral hippocampus. A) Trace respiratory motor output. The tracing shows 
an increase in respiratory rate with a decrease in the amplitude of the inspiratory curve following a relatively short latency (» 2 seconds). B) A 
representative photomicrograph of the injection site in the ventral hippocampus.  
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 Figure 3.4: Respiratory & cardiovascular coupling generated from stimulating the ventral hippocampus. Stimulation of a population of 
neurones in the ventral hippocampus generates an integrated cardiorespiratory response. An abrupt raise in blood pressure with a 
prolonged period of tachypnoea following a brief period of bradypnoea. 
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Figure 3.5: The bradypneic effect generated from the ventral hippocampus was due to significant increases in inspiratory durations 
(Ti) while tachypnea resulted from a decreases in both inspiratory and expiratory durations. The figure represents 
summary bar charts showing components of the breath cycle that constituted the observed bradypnoea (n = 6) and 
tachypnoea (n = 6). 
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Figure 3.6: Stimulation of a discrete neurone population in the ventral hippocampus generates an increase in cardiovascular function. 
Representative figure showing a tachycardic response generated from the ventral hippocampus. A) Traces of blood pressure and heart 
rate. The tracing shows an increase in cardiovascular function. B) A representative photomicrograph of the injection site in the ventral 
hippocampus. 
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Figure 3.7: Neurones in the dorsal hippocampus have no physiological influence over cardiorespiratory activities. A) Representative figure 
showing non-responsiveness of cardiovascular and respiratory parameters to stimulation of the dorsal hippocampus. B) Schematic 
diagram showing the stimulation points explored in the dorsal hippocampus. 
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In both cases (200 and 400 nL DLH), observed latency ranged between 20 and 40 seconds following 
stimulation. There was a highly significant correlation (r2 = 0.88) between volume of injectate and 
changes in mean arterial pressure (Figure 3.8). 
 
Stimulation of the ventral hippocampus with 100 nL (n = 6) of DLH did not produce statistically 
significant changes in either blood pressure or heart rate.  Figures 3.4 & 3.6 are representative tracings 
of the type of cardiovascular effects generated from the ventral hippocampus. Graphical 
representations of the respiratory and cardiovascular parameters analysed are represented in Figure 
3.9.  
 
 
 
 
 
3.2.3. Effects of Stimulation of the Dorsal Hippocampus with DLH 
on Respiratory and Cardiovascular Function 
Stimulation of the dorsal hippocampus with various doses of DLH, and at different locations, failed 
to produce any significant change in blood pressure, heart rate and respiratory rate (Figure 3.7).
Figure 3.8: There is a strong correlation between volume of injected DL-Homocycteic 
acid and the cardiovascular response generated. Increases in mean arterial 
pressure has a high correlation with the volume of DL-Homocyeteic acid injected 
into the ventral hippocampus. Line graph showing the correlation between 
volume of microinjection (x axis) and percentage change of mean arterial 
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Figure 3.9: Discrete neurone populations in the ventral hippocampus generate unique autonomic effects while the dorsal 
hippocampus has no physiologic influence over the autonomic nervous system. A schematic map illustrating areas of 
the hippocampus that were stimulated with different colour codes to differentiate the specific responses produced. The 
horizontal column of the ventral CA1 field produced profound autonomic changes while other parts of the hippocampus, 
including the dorsal hippocampus were non responsive to stimulation with DL Homocysteic acid. The overlap in the blue 
and red colour codes in some areas indicates sites that produced both cardiovascular and respiratory effects. The entire 
dorsal hippocampus did not produce autonomic changes in response to stimulation. 
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Figure 3.10: A) Bar charts showing statistically significant differences between baseline values and the duration of inspiration and expiration (n = 
6, P < 0.0001). B) Bar charts showing statistically significant differences between baseline values and the duration of inspiration and 
expiration (n = 6, P < 0.0001). C) Bar charts showing statistically significant differences between baseline values and peak values of 
blood pressure and heart rate (n = 6, P < 0.05). D) Bar charts of cardiovascular parameters with no significant changes between 
baseline and effective periods (n = 6, Blood pressure: P = 0.100, Heart rate: P = 0.999). 
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3.2.4. Morphology of Neurones in the Stimulated Areas 
Histologic identification of cells in the stimulated areas of both the dorsal and ventral hippocampus 
revealed the presence of typical pyramidal cells with one large apical dendrite and multiple basal 
dendrites (Figure 3.10). Both groups of processes were densely packed with spinal processes. 
 
Figure 3.11: Neurones in the ventral hippocampus with the ability to modulate the autonomic 
nervous system are typically pyramidal. Light photomicrograph showing two 
distinct geometries of pyramidal cells, including the distribution of their dendritic trees, 
in the stimulated areas of the dorsal (A) and ventral (B) hippocampus. A modified 
Golgi-cox technique was used to stain the neurones. The black arrows in (C) point at 
dendritic spines. Note: The neurone of the ventral hippocampus was selected from the 
CA1 field because the region was by far the most responsive area of the ventral 
hippocampus. Within the dorsal hippocampus, the representative neurone was also 
selected from the CA1 region. A¢ and B¢ are Neurolucida reconstructions of the 
micrographs in A and B, respectively. Scale bar: 20 µm. 
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3.3. Discussion 
The current study is evidence that ventral hippocampus-influenced emotional behaviours may be 
accompanied by a modulation of respiratory and cardiovascular outflow. Detailed proof of the 
presence of discrete neuronal populations in the ventral hippocampus that are capable of modulating 
respiration are presented in this study. The findings demonstrate a physiological link between the 
ventral hippocampus and the ability to convert eupneic breathing to bradypnoea and tachypnoea with 
varying changes in respiratory effort. Neurones in the ventral hippocampus were also found to 
modulate cardiovascular function through both blood pressure and heart rate. These effects could not 
be generated from the dorsal field of the hippocampus. With the aid of pharmacological inactivation 
techniques, Kuntze et al. (2016) recently reported neuromodulatory roles of the ventral hippocampus 
on decreased cardiovascular outflow in response to chemoreflex activation. Previous studies also 
demonstrated bradypnoea on stimulating the ventral hippocampus (Ruit and Neafsey, 1988). 
However, to our knowledge, the current study is the first to report that a plethora of cardiorespiratory 
effects can be generated by directly activating neurones in the ventral hippocampus.  
 
3.3.1. Respiratory Responses Produced by the Ventral 
Hippocampus 
A consistent rhythmic breathing pattern (60 – 80 cycles/minute in rats) is only achievable during 
sleep and general body inactivity. At other times eupneic breathing is regularly and spontaneously 
interrupted by modulatory impulses either from higher brain areas in the forebrain or peripheral 
chemo- and mechanoreceptors. The current study suggests that the ventral hippocampus can modulate 
the activities of respiratory-related premotor and motor neurones in the ventrolateral medulla, in 
addition to its capacity to regulate emotions (Bannerman et al., 2003; Rogers et al., 2006). This 
finding supports the idea that specific autonomic signatures accompany emotional behaviours 
(Christie and Friedman, 2004).  
 
During the expression of behaviours, breathing pattern changes to meet up with the changing energy 
requirements of the body or assist in the proper expression of behaviour (Homma and Masaoka, 
2008). In either case, changes are brought about by impulses sent from the forebrain, particularly 
limbic brain areas because of their role in sensing external emotional stimuli. The activities of 
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respiratory-related neurones are then modulated either directly or through multisynaptic networks. 
Consequently, there are changes in the motor discharge of diaphragm and abdominal muscles 
depending on the respiratory related cell types modulated. 
 
In the current study, the respiratory effects modulated by the ventral hippocampus ranged from 
bradypnoea to tachypnoea. Tachypnoea is a distinct respiratory indication of an active coping 
mechanism and excitation of the sympathetic nervous system in response to environmental stressors 
(Bandler et al., 2000). Tachypnoeic responses are part of the adaptive mechanisms, including 
increased perfusion and redistribution of blood to meet the metabolic demands associated with 
increased somatomotor activity (see Keay and Bandler, 2001 for reviews). The present study supports 
the contribution of the ventral hippocampus to adaptive behaviour. Moreover, tachypnoeic responses 
were occasionally accompanied by abrupt increases in blood pressure and heart rate (Figure 3.4), 
which could be expected as the autonomic response in defensive reactions (Yardley and Hilton, 
1987). 
 
The ventral hippocampus also generated a bradypnoeic response. Again, bradypnoea is a coping 
mechanism associated with passive behaviours, such as freezing due to fear and behavioural 
withdrawal from the environment due to inescapable stressors, such as excruciating pain and 
excessive haemorrhage (Steimer, 2002).  
 
3.3.2. Cardiovascular Responses Produced by the Ventral 
Hippocampus 
A profound increase in blood pressure was observed by stimulating the ventral CA1 field. Previous 
investigations on the effects of the hippocampus on autonomic function showed that local 
pharmacological inactivation of the ventral hippocampus generated a bradycardic response (Kuntze 
et al., 2016). Thus, activation of the same area will be expected to produce tachycardic responses as 
was observed in the present study. Studies that have produced similar effects include stimulating 
midline brainstem areas in urethane-anaesthetised ventilated rats (Verner et al., 2004). The 
involvement of the CA1 field in the emotional/autonomic control circuitry of the ventromedial 
prefrontal cortex (Jay et al., 1989), which connects with the brainstem areas (Vertes, 2004), may be 
responsible for these effects. Moreover, Khookhor and Umegaki (2013) have shown that injection of 
 54 
the cholinesterase inhibitor, neostigmine, into the hippocampus produces increased plasma levels of 
noradrenalin and increased cardiovascular outflow, effects which are similar to stress response. Their 
experiment was based on the assumption of a cholinergic system in the hippocampus. Prior to that, 
Zhu et al. (2001) showed increased activity in the paraventricular nucleus of the hypothalamus with 
a concurrent increase in plasma adrenocorticotrophic hormone following stimulation of the 
hippocampus. These findings support possible direct axonal projections from the CA1 field to the 
hypothalamus (Cenquizca and Swanson, 2006) and the involvement of CA1 neurones in stress 
responses reflected as changes in cardiovascular function. However, focus in the above-mentioned 
studies was on the dorsal CA1 field, without consideration of the effect of ventral hippocampal 
stimulation. Recently, Scopinho et al. (2013) applied the non-specific synaptic blocker, cobalt 
chloride, in both ventral and dorsal hippocampal fields. This caused a reduction in hypertension 
during stress-induced increased cardiovascular outflow. Our result agreed with this study since 
excitation of ventral CA1 neurones with DLH, which non-selectively stimulates neurone cell bodies, 
was able to produce increased blood pressure responses. We believe that the observed cardiovascular 
response may be part of a simulated stress response since previous studies in rats (Chowdhury et al., 
2000) and mice (Kurumaji et al., 2011), which employed genetic markers of neuronal activation, 
showed that restraint stress promotes activation of CA1 neurones.  
 
3.3.3. Ventral Hippocampal Pathways to Autonomic Related Areas  
The ventral hippocampus has no known direct axonal projections to brainstem respiratory-related 
neurones in the medulla or the midbrain periaqueductal gray. Rather, neurones in brainstem areas, 
such as the ventral tegmental area, periaqueductal gray, dorsal tegmental area and locus coeruleus 
send minor projections to the hippocampus (Insausti and Amaral, 2012). However, studies have 
reported specific axonal projections to the medial prefrontal cortex, specifically the prelimbic (Jay et 
al., 1989; Jay and Witter, 1991) and the infralimbic areas (Swanson, 1981) and other cortical areas, 
such as the amygdala (Canteras and Swanson, 1992; Pitkanen et al., 2000). Interestingly, in a double-
labelling neuronal tracing studies, Ishikawa and Nakamura (2006) reported that neurones in the 
ventral hippocampus projects to the prefrontal cortex also projects to the amygdala. The amygdala 
and medial prefrontal cortex are limbic brain areas capable of triggering a range of varying respiratory 
and cardiovascular response (Hassan et al., 2013; Granjeiro et al., 2014). These studies suggest a 
possible role of the ventral hippocampus in memory and emotions, features the amygdala and medial 
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prefrontal cortex are known to drive. It is possible that the observed respiratory and cardiovascular 
changes reported in the current study are driven through one or all of these connections.  
 
3.3.4. Methodological Considerations 
3.3.4.1. Volume of injected DLH and evoked responses 
Being a large sensory area involved in a complex brain network evident by diverse connections, 
recruitment of a large number of neurones would be necessary to produce a specific effect. This is a 
probable reason why the volume of DLH used was directly proportional to the effects generated in 
the current study (Figure 3.8) - the most profound effects were evoked with doses of up to 400 nL of 
DLH and the least effects with 200 nL. Effects with 100 nL were not statistically significant. Similar 
microinjection studies in the ventral hippocampus have used volumes as high as 500 nL (Biedenkapp 
and Rudy, 2009; Kuntze et al., 2016). The use of such large volumes is to ensure recruitment of the 
entire neurone population considering the large size of the ventral hippocampal field. However, it is 
possible that such large volumes of drugs could spread and stimulate adjacent structures such as the 
amygdala. In the current study, the extent of spread of DLH was indicated by the rhodamine dye 
(Figure 3.1). Also, based on an approximation of the area of spread vis a vie volume of injectate 
(Lipski et al., 1988), it is unlikely that there was spread beyond the ventral field of the hippocampus. 
It seems most likely that larger volumes are needed to elicit physiological effects in the ventral 
hippocampus. 
 
3.3.4.2. Volume of injected DLH versus anaesthetic 
General anaesthesia is known to dampen the respiratory activity (Hedenstierna and Rothen, 2012), 
an effect that can be translated as also affecting the activity of respiratory-related neurones in the 
brainstem. Urethane has been shown to reduce the activity of pyramidal neurones in the CA1 region 
of the hippocampus (Tian et al., 2012). However, general synaptic transmission is minimally affected 
by urethane anaesthetic (Crawford, 1970), so larger volumes were required to activate the pyramidal 
cells, although this should not affect synaptic transmission along neural pathways downstream. This 
factor may contribute to the requirement for such high dose of excitatory amino acids when studying 
respiratory effects. Despite the dampening effects of urethane on the pyramidal cells of the 
hippocampus (Tian et al., 2012), it remains a choice anaesthetic at doses between 1.0 – 1.5 g/Kg, 
particularly because the depths of anaesthesia produced are characterised by stable respiratory and 
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cardiovascular outflow, and the stability is maintained for prolonged periods. This offers an 
opportunity for chronic physiologic perturbations with consistent data acquisition.  
 
3.3.4.3. Measurement of Blood Gases 
Blood gases where not measured in the current study and it is therefore possible that each animal was 
in a different physiological state during the studies, which may, in turn, affect the outcomes, such as 
variability in the cardiorespiratory responses. The observed variability in the mean arterial pressure 
may also be the result of the degree of sensory input to the brainstem. However, all efforts were made 
to standardise the anaesthesia and support for each animals and, importantly, the fact that discrete 
neurone populations in the ventral field of the hippocampus consistently produced the same response 
strongly suggested the outcomes from these studies were not due to altered physiological states. 
 
3.3.4.4. Gender distribution 
An equal gender distribution was not present in this study. Sexual dimorphism is a possibility but this 
was not considered in the current study. While some neurochemical secretions may vary across 
gender, previous studies have not reported any differences in the neuronal wiring of the brain. 
 
3.3.6. Conclusion  
The present study shows that the ventral hippocampus, when stimulated with DLH, can selectively 
evoke distinct motor and autonomic drives independently and together. This suggests that the ventral 
hippocampus may be involved in initiating and a range of behaviours thus its ability to trigger specific 
respiratory and cardiovascular outflow depending on circumstance. Since the ventral hippocampus 
has been implicated in stress and anxiety behaviours, perhaps the effects demonstrated in this study 
are components in the manifestation of such behaviours. On the other hand, stimulation of the dorsal 
hippocampus did not produce any significant autonomic effect. This finding re-enforces earlier 
suggestion that the dorsal hippocampus is involved more in memory and learning. 
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 CHAPTER 4 
 
EFFECTS OF STIMULATING THE HIPPOCAMPUS 
ON THE EXPRESSION OF AUGMENTED BREATHS 
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4.0. Introduction 
Eupneic breathing in mammals is broadly divided into two phases, inspiration and expiration, which 
occur at fairly regular intervals. This breathing rhythm is periodically interrupted by large inspiratory 
efforts characterised by significant increases in tidal volume, inspiratory duration and diaphragmatic 
activity. Such breaths are called augmented breaths, and they constitute the normal repertoire of 
breathing in freely behaving humans and animals (Cherniack, 1981; Cohen and Henderson-Smart, 
1996). Augmented breaths, also known as sighs, have a biphasic inspiratory curve: The first phase 
appears like the preceding eupneic inspiratory curves and the second (augmented) phase appears as a 
gasp or fast inspiration beginning at the peak or near the peak of the first phase (Cherniack, 1981; 
Golder et al., 2005).  
 
The specific mechanism eliciting augmented breaths is uncertain, but there is evidence that 
respiratory-related neurones in the ventrolateral medulla, specifically the preBötzinger complex 
(preBötC), may be responsible for producing augmented breaths (Lieske et al., 2000). PreBötC 
activity is in part modulated by commands from the limbic system through the periaqueductal gray 
(PAG) particularly during the expression of emotional behaviours (Subramanian and Holstege, 2013; 
Ramirez, 2014). This modulatory effect has been reported to change preBötC neural activity and the 
respiratory patterning, especially inspiratory control, regulated by the preBötC (Subramanian and 
Holstege, 2013). However, the source of the neuronal inputs from the limbic system capable of 
influencing the expression of augmented breaths has not been examined. Thus, the current 
understanding of the limbic-brainstem circuit physiology involved in the motor expression of 
augmented breaths is limited.  
 
One biological trigger for eliciting augmented breaths may be dependent upon peripheral sensory 
triggers, including both mechano- and chemosensory afferent fibres innervating the respiratory 
system. For example, augmented breaths are believed to prevent atelectasis (Reynolds, 1962), which 
is a partial collapse of the lung air sacs due to progressively insufficient lung inflations during regular 
cyclical breathing, perhaps due to enhanced mechanosensory activity related to reduced pulmonary 
compliance. Alternatively, in rats, hypoxia and hypocapnia increase the frequency of occurrence of 
augmented breaths (Bell et al., 2009; Bell and Haouzi, 2010; Moore et al., 2012), consistent with 
chemosensory afferent activation playing a considerable role. A similar increase in augmented 
breaths was demonstrated when the same peripheral chemoreceptors and mechanoreceptors were 
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directly stimulated with sulfur dioxide (SO2) (Marshall and Metcalfe, 1988), while transection of the 
vagus, which contains the axons of most pulmonary sensory afferents that feedback to brainstem 
respiratory control centres, prevented augmented breaths (Marshall and Metcalfe, 1988; Matsumoto 
et al., 1997). These studies reinforce the involvement of peripheral afferent nerves with little emphasis 
on central mechanisms that regulate descending motor control of augmented breaths. 
 
Other investigations have proposed the existence of central modulators or descending motor 
mechanisms originating from higher brain regions as a principal determinant of augmented breaths. 
For instance, Shahan et al. (2004) reported that activation of discrete neurone populations in the dorsal 
PAG increased the frequency of augmented breaths. Disinhibition of the medial hypothalamus has 
also been reported to increase the frequency of augmented breaths (Reynolds et al., 2008). The PAG 
and hypothalamus can be considered as relays between the limbic and autonomic nervous systems 
and may, therefore, receive modulatory signals from forebrain structures that provide the primary 
drive for augmented breath regulation. In this regard, augmented breaths maybe tightly regulated with 
respect to changes in emotions (Soltysik and Jelen, 2005; Wuyts et al., 2011). However, to date, no 
studies have investigated the role of the limbic system in the occurrence of augmented breaths.  
 
Within the limbic system, the hippocampus is a potential central modulator of augmented breaths due 
to its involvement in the emotional expression of stress, anxiety and defensive emotional postures, 
behaviours shown to affect the frequency of augmented breaths. Consistent with this, the data 
presented in Chapter 3 demonstrate modulation of respiratory function by the ventral hippocampus, 
suggesting that the ventral hippocampus may play a role in the physiological changes required to 
cope when transiting from one emotional state to another, a factor proposed to affect the expression 
of augmented breaths (Ramirez, 2014). It is, therefore, possible that the hippocampus may affect the 
occurrence or phase timing of augmented breaths since there appears to be a coupling of the 
cardiovascular and respiratory system, particularly during augmented breaths (Marshall and 
Metcalfe, 1988). In this chapter, the relationship between augmented breaths and cardiovascular 
function is examined after stimulating of the hippocampus. The study aimed to characterise the 
augmented breaths to a finer detail than has been previously described (Cherniack, 1981; Golder et 
al., 2005), by assessing breathing characteristics in pre-and post-augmented breath periods as well as 
during augmented breaths, and comparing this with eupneic breathing (control) in spontaneously 
breathing anaesthetised animals. 
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4.1. Methods 
4.1.1. Anaesthesia and Surgery 
Experiments were performed on urethane-anaesthetised adult Sprague-Dawley rats (n = 16; 350 – 
600 g; either sex). The experimental included n = 8 for DLH into the ventral hippocampus, n = 5 for 
DLH into the dorsal hippocampus, and n = 3 for PBS injection into the ventral hippocampus.	The rats 
were spontaneously breathing room air throughout the period of the experiment in a prone position. 
A force transducer was used to monitor respiration by firmly attaching it to the loose skin on the 
dorsum of the thorax using stainless steel wires (A-M Systems). The force transducer detected 
expansion and collapse of the thoracic cavity as an indication of inspiration and expiration, 
respectively. This method is preferred over diaphragmatic electromyogram and intra-tracheal 
pressure recordings because of the clear separation of the phases of inspiration reflected in the tracings 
of a force transducer (Orem and Trotter, 1993). The force transducer gives accurate information of 
the duration of each component of respiration. However, the accuracy of the force transducer was 
further validated by electromyogram (EMG) from the crural diaphragmatic activity, where bursts of 
muscle activity represent inspiration. Diaphragmatic EMG during an augmented breath shows 
prolonged muscular activity during inspiration with peak amplitudes higher than normal breaths 
(Orem and Trotter, 1993). Also, the EMG tracing clearly shows a period of respiratory pause after 
each augmented breath (Figure 4.2). Correlation of both methods was used to enhance precision in 
calculating the duration of inspiration and expiration. Plastic tubings were implanted in the femoral 
artery and vein for blood pressure and IV supplementations, respectively. A heating pad was used to 
maintain the body temperature between 37 – 38 oC. All other operative procedures described in 
Chapter 2 were applied. 
 
4.1.2. Experimental Protocol 
Areas of the ventral hippocampus that generated autonomic responses following microinjections of 
the excitatory amino acid, D, L-Homocysteic acid (DLH, 50 mM, 200 – 400 nL, n = 8), were re-
examined for any influence on augmented breaths. Microinjections of DLH (50 mM, 200 – 400 nL, 
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Figure 4.1: Representative micrographs of stimulation points in the dorsal (A) and ventral (B) hippocampus. 
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n = 5) into the dorsal hippocampus were also examined for control and comparison. The experimental 
protocols described in Chapter 2 and 3 applied. Quantitative analyses of the typical characteristics of 
augmented breaths were analysed using 30 representative augmented breaths across all animals, 
selected mostly during baseline breathing periods. Tracings of augmented breaths that were distorted 
by external factors such as movements of the animal were excluded. The breaths surrounding each 
augmented breath were also assessed. For this, the five breaths each immediately preceding and 
succeeding an augmented were analysed for both inspiratory and expiratory duration. 
 
4.1.3. Data Analysis 
Respiratory and cardiovascular data were collected for periods of 10 minutes before stimulation 
(baseline) and at least 30 minutes post DLH microinjection (effect). Data was collected in real time 
using a Powerlab system and analysed offline. For each augmented breath, the duration of each phase 
of inspiration (Ti1 and Ti2) was calculated. These periods were compared and plotted using Student’s 
t-test on Prism 6 for Mac OS X. The duration of expiration or period of respiratory pause was also 
calculated and compared with the expiratory period of eupneic breaths using Student’s t-test. All 
values were recorded as mean ± standard error of the mean. 
 
4.2. Results 
4.2.1. Quantitative Analysis 
Characteristics of the augmented breaths are represented in Figure 4.2. During eupnoea, augmented 
breaths occurred at an average frequency of one per 76.93 ± 3.65 seconds. Thus, each animal 
produced one augmented breath every 1 - 2 minutes in all preparations studied. Augmented breaths 
occurred spontaneously as large gasps with increases in both amplitude and duration of the various 
components of respiration (i.e., Ti and Te) beyond peak values of eupneic breaths. The breaths were 
often followed by a short period of inactivity, which was referred to as respiratory pause. The 
inspiration period of an augmented breath was conspicuously divided into two phases (Ti1 and Ti2). 
The first phase resembled typical preceding inspiratory curves and the second phase started either at 
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Figure 4.2: The characteristics of an augmented breath are distinct in chest wall movement tracings, and synchronise with diaphragmatic 
muscular activity. The figure represents tracings showing all the characteristics of a typical augmented breath cycle (B) in comparison 
with a normal breath cycle (A). The middle tracing is a representation of the subjects’ chest wall movement derived from a forced pressure 
transducer while the lower tracing is the corresponding diaphragm EMG in real time. The bar chart (C) shows the difference between the 
two phases of inspiration in an augmented breath (n = 30, P < 0.05). 
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the peak or near the peak of the first. The average duration of their inspiratory phase I (Ti1) was 0.19 
± 0.01 seconds while the average duration of their phase II (Ti2) was 0.15 ± 0.01 seconds (n = 30). 
There was a significant difference (P < 0.05) between Ti1 and Ti2. The average duration of the 
expiratory phase of an augmented breath was 0.55 ± 0.02 seconds. The amplitude of augmented 
breaths varied in different rats and even within the same rat. However, generally, the amplitude of 
the breaths ranged from about double to four times the effort of preceding inspiratory curves. The 
period of expiration (0.55 ± 0.02 seconds) was significantly higher than that of mean eupnoeic 
expiration (0.46 ± 0.01 seconds) at baseline. 
 
4.2.2. Breaths Surrounding Augmented Breaths 
Significant variation was observed in the duration of eupnoeic breathing cycles immediately after an 
augmented breath, compared to those before the augmented breath. Summary values of the mean 
duration of inspiration and expiration of 5 breaths before (Pre AB) and after (Post AB) an augmented 
breath are presented in the table below. 
 
 
 
Table 4.1: Summary of the properties of breaths immediately preceding (Pre AB) and succeeding 
(Post AB) an augmented breath. The Data represents the mean ± SEM of 30 
representative augmented breaths. 
 
 Ti 
(seconds) 
Te 
(seconds) 
RR 
(cycles/minute) 
Pre AB 0.16 ± 0.004 0.33 ± 0.004 122 ± 1.299 
Post AB 0.172 ± 0.004 0.262 ± 0.004****  141.9 ± 1.872 **** 
**** P < 0.0001 
 
The breaths immediately succeeding an augmented breath appeared to be shallow, with low 
amplitudes. The rate of these breaths (Post AB) was significantly higher than the breaths preceding 
an augmented breath (P < 0.0001). This effect resulted from a significant increase in expiratory 
duration (P < 0.0001) and not inspiratory duration (P = 0.116). However, the breaths immediately 
 65 
following an augmented breath had a graded increase in inspiratory amplitude until return to normal 
after about 5 breath cycles. 
 
4.2.3. Effects of Stimulating the Hippocampus on the Occurrence 
of Augmented Breaths 
Stimulation of the ventral hippocampus caused an immediate suppression of augmented breaths. This 
effect was considered as completely suppressive and not modulatory because the general 
characteristics of augmented breaths pre-stimulation were identical to those post stimulation, upon 
resumption of the breaths. The ventral CA1 field was the specific region in the ventral hippocampus 
that was effective. The average duration of suppression was 553.7 ± 43.77 seconds (≈ 9 minutes). 
The dose of DLH used had no significant effect on the duration of suppression of augmented breaths. 
In control experiments, microinjections of normal saline made into similar areas in the ventral 
hippocampus failed to suppress the occurrence of augmented breaths. Stimulation of the dorsal 
hippocampus also has no effect on the occurrence of augmented breaths (Figures 4.4 and 4.5). 
 
 
Figure 4.3: The occurrence of augmented breaths is completely suppressed following 
stimulation of the ventral hippocampus. Stimulus histogram showing the 
frequency of occurrence of augmented breaths in the pre-stimulation period 
(Baseline) per five minutes. The mean frequency of occurrence of augmented 
breaths was 3 per 5 minutes. The occurrence of augmented breaths was 
completely suppressed following stimulation.  
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Figure 4.4: Activation of neurones in the ventral hippocampus suppress the normal periodic occurrence of augmented breaths. 
Representative figure showing a complete suppression of augmented breaths in urethane-anaesthetised rat (A) following an injection 
(solid red circles in B) of 200 nL of DLH into the ventral CA1 region of the hippocampus. The insert (a) shows an augmented breath 
upon recommencement and the corresponding changes in blood pressure (n = 8). 
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Figure 4.5: Neurones in the dorsal hippocampus have no physiological influence over augmented breaths. Representative figure of the effect of 
200 nL of DLH into areas in the dorsal region of the hippocampus. The injections had no effect on the occurrence or inherent characteristics 
of augmented breaths. The insert (a) shows a stable augmented breath and blood pressure following stimulation upon recommencement 
and the corresponding changes in blood pressure. Line drawings of coronal sections showing stimulation sites (red solid circles) and 
coordinates relative to Bregma are represented in B (n = 5). 
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Figure 4.6: Summary of representative figures showing the effects of stimulating the dorsal (DH) and ventral hippocampus (VH) on the occurrence of 
augmented breathes. A) Respiratory tracings of the effect of DLH in the DH (n = 5). B & C) Tracings of the effects of DLH in the VH (n 
= 8). D) Representative tracing of sham experiments (n = 3) where PBS was injected into the VH. 
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Figure 4.7: A) A representation of an augmented breath immediately before stimulation and after 
stimulation with no observed differences. B) A comparison of the various components 
of augmented breaths in the pre- and post-stimulation periods.  C & D) Comparison 
of the breathing characteristics before (pre) and after (post) an augmented breath. 
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4.2.4. Cardiorespiratory Coupling During Augmented Breaths 
The expression of augmented breaths influenced blood pressure via a transient drop in blood pressure 
during the peak of the second (augmented) phase of inspiration. As the augmented breath cycle 
progressed into the expiratory phase, blood pressure began to stabilise and only achieved stability 
when regular breathing cycles regain rhythmicity. This integrated cardiorespiratory effect did not 
change post stimulation of the ventral hippocampus. 
 
4.3. Discussion 
There are strong correlations between the expression of emotional behaviours such as anxiety and the 
occurrence of augmented breaths (Soltysik and Jelen, 2005; Wuyts et al., 2011; Vlemincx et al., 2013; 
Ramirez, 2014). Lesion studies in rats have showed that the ventral hippocampus is a principal limbic 
structure involved in expressing emotions of fear and anxiety (Bannerman et al., 2003). However, the 
influence of the ventral hippocampus over basic physiological processes such as respiration is poorly 
understood. The current study is evidence that stimulation of the ventral hippocampus completely 
suppresses the occurrence of augmented breaths without affecting the intrinsic properties of the 
breaths. i.e., the augmented breaths observed before and after stimulation had characteristics that 
conformed with descriptions of typical augmented breaths as reported by other authors (Golder et al., 
2005). This data further suggests a link between the ventral hippocampus and respiratory rhythm 
generators.  
 
The physiological implications of these findings could relate to the coupling concept of airway 
patency and forebrain–driven affective behaviours. Constant tidal breathing induces progressive 
airflow limitation, and augmented breaths can occur reflexively to improve airway patency by 
increasing compliance, and opening up collapsed airways (Reynolds, 1962; Davis and Moscato, 
1994). In fact, in mechanically ventilated preparations, performing artificial sighs (deep breaths or 
augmented inspiration) are important for maintaining airway patency (Mead and Collier, 1959). 
Augmented breaths may also play a significant role in regulating airway smooth muscle tone and 
hence airway patency.  For example, in healthy individuals, a deep breath evokes an immediate 
relaxation of the airway smooth muscle, a response that appears absent in asthmatics (Ingram, 1990). 
In this regard, it is intriguing that emotional (limbic) activities impact on asthma. Fear and anxiety 
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which are limbic-driven behaviours are potent triggers of acute asthma exacerbation in prone 
individuals (Janssens and Ritz, 2013), and it is tempting to speculate that the ventral hippocampus 
may play a role in altering the ventilatory adjustments associated with the pathologies of respiratory 
conditions. 
 
To our knowledge, the current study is the first report of the direct influence of the ventral 
hippocampus over augmented breaths. However, a previous study had reported ventral hippocampal 
modulation of other components of breathing (Duffin and Hockman, 1972). In an electrophysiology 
study in cats, Duffin and Hockman (1972) demonstrated that electrical stimulation of the ventral 
hippocampus inhibits the discharge of expiratory neurones in the ventrolateral medulla, or 
immediately switched an expiratory phase to inspiration. This effect was also reflected in 
diaphragmatic discharge patterns. Although the firing pattern of ventral hippocampus neurones was 
not recorded and electrical stimulation with its known limitations was applied (Fries and 
Zieglgansberger, 1974), the study (Duffin and Hockman, 1972) provided a first evidence that the 
ventral hippocampus influences general respiratory activities. In conjunction with observations from 
our study, we can infer that the ventral hippocampus may constitute part of the limbic network that 
contributes to modulating the activities of respiratory-related cells in the ventrolateral medulla.  
 
Interestingly, respiratory effects could not be generated from the entire hippocampus. Stimulation of 
dorsal hippocampal fields did not affect the frequency or expression of augmented breaths. This 
finding supports the hypothesis of functionally dissociated fields within the hippocampus (Fanselow 
and Dong, 2010) and suggests that the dorsal hippocampus may be involved in other functions or 
other aspects of emotions such as consolidation of memory. 
 
However, previous studies have demonstrated correlations between neuronal activity in the dorsal 
hippocampus and the occurrence of augmented breaths in cats (Poe et al., 1996) and humans 
(Frysinger and Harper, 1989). Poe et al. (1996) in particular, using reflectance imaging and 
electrophysiological measures, demonstrated an increase in neuronal activity in the dorsal 
hippocampus preceding augmented breaths and during the period of respiratory pause after each 
augmented breath. Alternatively, studies investigating state-dependent modulation of breathing in 
rats have demonstrated a correlation between periods of suppressed augmented breaths and increase 
electroencephalogram (EEG) activity of the dorsal hippocampus (Pagliardini et al., 2012). In the 
current study, cell recording was not performed. Instead, chemical micro-stimulation of the dorsal 
hippocampus was performed, and this did not influence the occurrence of augmented breaths. This 
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finding suggests that activation of neurones in the dorsal hippocampus does not necessarily modulate 
respiratory activities but there may be some state related coupling or time lock of activity between 
the dorsal hippocampus and augmented breaths. However, these hypotheses must be tested by 
inhibition studies. 
 
4.3.1. Central Modulators of Augmented Breaths 
In reporting in vivo single unit recordings, Lieske et al. (2000) suggested that neurones in the preBötC 
region are responsible for generating augmented breaths. Further studies have demonstrated 
modulatory effects of higher brain structures, such as the hypothalamus (Reynolds et al., 2008) and 
periaqueductal gray (Davenport et al., 2004), on the activities of augmented breaths. With the 
amygdala being a key limbic structure that recruits subcortical and brainstem structures for complete 
emotional expression, it is conceivable that it may also modulate augmented breaths. This inference 
conforms with the findings of Sody et al. (2008), who reported increased frequency of augmented 
breaths in subjects with a history of anxiety disorders. It also fits the hypothesis that negative emotions 
(e.g., fear, anxiety and panic) and positive emotions (e.g., pleasure and relief) strongly influence the 
occurrence of augmented breaths (Ramirez, 2014). Perhaps there is a physiological interaction 
between the ventral hippocampus and amygdala that regulates the occurrence of augmented breaths. 
 
4.3.2. Link Between Behaviour and Augmented Breaths 
Limbic regulation of the occurrence of augmented breaths may not be confined to the hippocampus. 
Two chemical microinjection studies have shown that disinhibition of the dorsomedial hypothalamus 
and stimulation of the dorsal PAG influence the onset and frequency of augmented breaths 
(Davenport et al., 2004; Reynolds et al., 2008). These regions play key roles in appropriating 
behaviours that reflect the state of an animal. For instance, the dorsomedial hypothalamus maintains 
the sleep-wake circadian rhythm (Chou et al., 2003) and there may be a link between such state-
transition and the expression augmented breaths (Ramirez, 2014).  Alternatively, the PAG contains 
discrete neuronal populations and circuits that control a range of emotional behaviours (Carrive, 
1993; Zhang et al., 1994; Subramanian and Holstege, 2011; Subramanian, 2013; Subramanian and 
Holstege, 2014), thus permitting a ‘switch’ from one emotional state to another. The ability to 
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influence transitions between emotional states may explain why the PAG affects the expression of 
augmented breaths (Ramirez, 2014). Also, connections between the PAG and respiratory-related 
neurones in the ventrolateral medulla have been established (Lovick, 1993; Gaytan and Pasaro, 1998). 
It is important to note that the activities of both the hypothalamus and PAG are subject to modulation 
from higher limbic areas, one of which could be the ventral hippocampus. In fact, the PAG is 
considered the final common pathway of the emotional motor system (Subramanian and Holstege, 
2014). 
 
4.3.3. Cardiorespiratory Characteristics of Augmented Breaths 
Augmented breaths are associated with characteristic changes in blood pressure and heart rate. The 
mechanisms supporting the coupled cardiorespiratory dynamics as observed in the current study can 
be explained in the light of the influence of changes in intra-thoracic/abdominal pressure over venous 
return (Barnes et al., 1985). Intra-thoracic pressure has a strong relationship with pressure in the right 
atrium. During inspiration, the thoracic cavity expands and creates a negative pressure in the thoracic 
cavity and pleural spaces. Consequently, the pressure in the vena cava, pulmonary vessels and 
capillaries decrease. As a result of these differences in pressures, there is a brief fluctuation in blood 
pressure. More so, during the augmented phase of breathing the abdominal muscles are recruited due 
to the extensive downward movement of the diaphragm (Mathew et al., 1988), which increases intra-
abdominal pressure. This effect is, in turn, capable of increasing pressure in the abdominal portion of 
the vena cava and the return of venous blood to the right atria. These respiratory mechanical 
influences account for the brief spike of blood pressure as seen in our study (Figure 4.6A).  
 
In addition to the cardiorespiratory coupling, the breaths surrounding each augmented breath had 
peculiar characteristics. In the current study low amplitudes in the first few breaths after an augmented 
breath (between 1 - 5 breaths) were typical but with a gradual return to normal breathing cycles after 
approximately 4 - 5 breathes. This consistent characteristic is similar to augmented breaths that were 
evoked by stimulating peripheral chemoreceptors using almitrine (Szereda-Przestaszewska et al., 
1992). In the case of almitrine-induced augmented breaths, post-augmented breaths were 
characterised by diminished airflow. The reduced amplitudes of inspiration observed in the current 
study imply reduced airflow. 
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4.3.4. Effects of Urethane Anaesthesia on Augmented Breaths 
Studies investigating the frequency of occurrence of augmented breaths under various physiological 
states and commonly used injectable anaesthetics have suggested that urethane anaesthesia at a dose 
of 1.2 g/kg completely suppresses the occurrence of augmented breaths in rats spontaneously 
breathing room air (Moore et al., 2012). The current study is empirical evidence of the regular and 
frequent occurrence of augmented breaths in urethane-anaesthetised rats spontaneously breathing 
room air. In fact, doses as high as 1.5 g/kg did not produce any changes in the general characteristics 
of augmented breaths. Similar doses have also aided investigations of augmented breath phase 
volume and timing relationship, and state-dependent modulation in rats (Golder et al., 2005; 
Pagliardini et al., 2012). In the current investigation, urethane anaesthesia produced stable respiratory 
and cardiovascular parameters, with a regular and consistent occurrence of augmented breaths, for 
prolonged periods without additional pharmacological manipulations. These characteristics also 
suggest stable firing of respiratory-related neurones as demonstrated by Clement et al. (2008).  
 
4.3.5. Conclusion 
In conclusion, the data supports the hypothesis that there is a structural or functional relationship 
between neurones of the ventral hippocampus and brainstem nuclei that control augmented breaths. 
This relationship may support the regulation of specific components of respiration during emotional 
challenges.  
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CHAPTER 5 
 
ANATOMICAL CONNECTIVITY OF THE 
HIPPOCAMPUS AND AMYGDALA: EVIDENCE 
FROM CONVENTIONAL NEUROANATOMICAL 
TRACING STUDIES
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5.0. Introduction 
The initial discoveries of hippocampal involvement in memory stimulated interests in understanding 
the intrinsic and extrinsic neuronal circuits of the hippocampus. In recent times, this interest has been 
further spurred by the suggestions of functional and structural dissociation within the hippocampus, 
with the ventral hippocampus implicated in regulating emotions of anxiety and stress (Bannerman et 
al., 2004a; McHugh et al., 2004; Fanselow and Dong, 2010; Zhang et al., 2014) while the dorsal 
hippocampus supports memory and learning (Jarrard, 1993). In an attempt to understand these unique 
aspects of hippocampal circuit physiology, anatomical studies assessing the neuronal projections 
from the hippocampus to other cortical brain areas have been conducted (Barbas and Blatt, 1995; 
Kishi et al., 2000; Pitkanen et al., 2000; Cenquizca and Swanson, 2006; Kishi et al., 2006; Hoover 
and Vertes, 2007; Arszovszki et al., 2014). However, the precise organisation of the circuits that 
regulate specific hippocampal functions remains a subject of debate.  
 
Tracing pathways that emanate from the ventral hippocampus to brain nuclei with established 
functions offer relevant information. More so, physiologic correlations give a clue to possible 
neuronal interactions. Physiologic experiments in Chapters 3 and 4 of this thesis suggest that the role 
of the ventral hippocampus in regulating emotions is not confined to alterations in behavioural 
expressions but rather includes changes in the more basic autonomic parameters, which possibly 
define physical behaviours. These findings suggest that besides the brainstem and hypothalamus, 
other cortical structures, through direct or indirect synaptic connections, play significant roles in how 
the hippocampus modulates autonomic activities. To identify the possible circuits involved in 
regulating motor and autonomic function by the hippocampus, the current study focuses on describing 
descending pathways from the ventral hippocampus using classical neuroanatomical tract tracings 
techniques. 
 
Although extensive explorative tract tracing investigations of hippocampal connectivity have been 
reported, a gap in the understanding of specific inter-cortical interactions remains. Early studies 
dwelled on local neural circuits and identified the unique unidirectional neuronal circuit within the 
hippocampus (Blackstad, 1956; Andersen et al., 1971). In the same era, studies also reported the 
widespread nature of hippocampus-cortical projections and emphasised that the subiculum is the 
output structure of the hippocampus (Irle and Markowitsch, 1982). However, in recent times, 
investigations have shown direct projections from the hippocampus proper, particularly the ventral 
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CA1 region, to medial prefrontal cortices (Hoover and Vertes, 2007) and the amygdala (Kishi et al., 
2006; Orsini et al., 2011). The variance in results might be due to a refinement of neuroanatomical 
tracing techniques or species differences. However, the contrast indicates a limited understanding of 
the distribution of neurones that project from the hippocampus to other cortical and subcortical 
structures.  
 
Projections to the amygdala are of particular interest because of its known roles in processing and 
expressing emotions (LeDoux, 2000; Phelps and LeDoux, 2005; LeDoux, 2007) and its known 
connectivity to brainstem motor and autonomic control centres (Iwata et al., 1987; Oka et al., 2008). 
Studies by Kishi et al. (2006) have used biotinylated dextran amines (BDA) and cholera toxin B (CT-
b) to define the topographical distribution of hippocampal projections to the amygdala. Their key 
finding was a medio-lateral distribution of projections in the amygdala as hippocampal seeding areas 
progressively moved septal (Kishi et al., 2006). However, the volume of BDA used in their study 
(Kishi et al., 2006) was large, encompassing both the ventral subiculum and CA1 field. This approach 
made it difficult to identify the exact origin of projections.  
 
The aim of the current study was to reassess the connections between the hippocampus and amygdala, 
but using a refined approach. Smaller volumes of anterograde and retrograde neuronal tracers were 
injected into the hippocampus or amygdala so that the origin and target of specific projections could 
be identified. We hypothesised that projections of the hippocampus to amygdala are not generalised 
but are confined to a subregion of the hippocampus. Identifying the existence of this anatomical 
connectivity, in turn, provides support for the overarching hypothesis that ventral hippocampal 
afferents recruit discrete neurone populations in the amygdala to modulate brainstem autonomic 
centres during emotional behaviours.  
 
5.1. Methodology 
5.1.1. Animals and Ethics Statement 
Adult Sprague-Dawley rats (n = 21; 250 – 400 g) of either sex were used in this study. The 
experimental protocols were reviewed and approved by the Animal Care and Ethics Committee of 
the University of Queensland, Australia. Measures were taken to minimise pain, distress and the 
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number of animals used in accordance with the Australian code for the care and use of animals for 
scientific purposes. 
 
5.1.2. Anaesthesia and Surgery 
Animals were induced and maintained on inhalation anaesthetics. Rats were anaesthetised using 5 % 
isoflurane delivered with oxygen in an induction chamber. During surgery, the isoflurane delivered 
was reduced and maintained between 2 – 2.5 % and delivered using a customised rat anaesthetic nose 
cone attached to the incisor bars of the stereotaxic apparatus (Narishige Scientific Instruments, 
Japan). Throughout the surgery, body temperatures were maintained at 36 – 37 oC by use of a heating 
pad. Also, rats received a subcutaneous injection of butorphanol (5 mg/kg, Temgesic, Pfizer, New 
York, USA) as an analgesic. The rat was then mounted on a stereotaxic frame (David Kopf 
Instruments). A midline incision was made on the scalp to expose Bregma and Lambda landmarks 
on the skull and to ensure a flat skull position. Small holes were then drilled in the skull above the 
ventral hippocampal and amygdala to enable vertical insertion of micropipettes (ventral 
hippocampus: Bregma -4.80 mm; Amygdala: Bregma -2.76, -2.92, -3.12 and -3.96 mm). The 
coordinates were obtained from Paxinos and Watson (2007). The use of micropipettes was preferred 
due to its ability to deliver accurately different micro volumes of tracers and the ability to control 
upward diffusion of injectate along the needle tract (Conte et al., 2009b). The micropipettes were 
pulled out of glass capillary tubes (1.2 mm; World Precision Instruments, USA) to produce a tip 
diameter of 20 – 40 µm. The micropipettes were calibrated and microinjections delivered by 
microscopic (Leica M17) guidance. Bilateral injections (150 – 200 nL) were made into either the 
hippocampus or amygdala using a pressure pump (World Precision Instruments, Pneumatic 
PicoPump), with pressure room air delivered through a polyethylene tubing at 35 psi for 100 ms per 
pulse. Movement of the meniscus along the shank of the pipette was used to monitor the volume of 
tracer injected.  
 
5.1.3. Anterograde Tracer 
High molecular weight (10,000 MW; 10 % solution in 0.01 M sodium phosphate buffer) biotinylated 
dextran amine (BDA) was used for anterograde tracing (n = 14). Injections were delivered over a 10-
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minute period. Animals were allowed ten days to recover after which there were deeply anaesthetised 
using an intraperitoneal injection of sodium pentobarbital (60 mg/kg). The animals were then 
transcardially perfused with 300 mL of phosphate buffered saline (PBS) followed by 300 mLs of 4 
% paraformaldehyde (PFA). The brains were extracted and post-fixed in 4 % PFA for 5 - 16 hours at 
4 oC and then transferred to PBS (pH 7.4) at the same temperature until the time of sectioning. Serial 
sections were cut using a vibrotome at a thickness of 50 µm and collected in series into 96 well cell 
culture plates filled with 0.1 M PBS for further processing. The efficiency of this technique has been 
elaborated with the exquisite labelling of neurone and axonal terminals in the central nervous system 
of rabbits (Shibata and Yoshiko, 2015), rats (Reiner et al., 2000; Lazarov, 2013) and mice (Wang et 
al., 2014).  
 
5.1.3.1. BDA tissue processing 
To visualise labelled neurones and terminals, free-floating sections were treated with 3 % hydrogen 
peroxide (H2O2) for 20 minutes to remove endogenous peroxidase activity and then washed in PBS 
(3 ´ 10 minutes). Sections were then reacted with streptavidin-horse radish peroxidase (HRP) made 
in a blocking solution (0.05 % Bovine serum albumin [BSA], 19 mL PBS and 100 µL of 10 % 
thimerasol) overnight. Sections were then washed in PBS (3 ´ 15 minutes) and reacted with 5 % 
diaminobenzidine (DAB) solution and 0.01 % H2O2 for about 10 minutes. Finally, the sections were 
rinsed with PBS (3 ´ 10 minutes) and mounted on gelatin-coated slides.  
 
5.1.4. Retrograde Tracer 
The protocols for retrograde neurone tracing using fluorescently conjugated Cholera toxin b (CT-b) 
as described by Conte et al. (2009a, 2009b) and McGovern et al. (2015) were adopted. 
Microinjections of 2 % CT-b conjugated AlexaFlour-488 (CT-b488, Molecular Probes, Thermo Fisher 
Scientific; 100 - 150 nL, n = 7) was injected into the amygdala to trace the origin of projections 
terminating in this location, with a particular. To minimise the number of animals used for this study, 
bilateral microinjections of CT-b488 were performed with a total of 10 microinjections administered. 
Although a particular focus was the identification of labelled neurones specifically in the ventral 
hippocampus, other cortical structures were also routinely examined. In each experiment, a bilateral 
microinjection approach was adopted to minimise the number of animals used. Following a survival 
period of 10 days, animals were overdosed with sodium pentobarbitone (100 mg/kg IP) and 
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transcardially perfused with 300 mL of 0.1 M PBS, pH 7.4, followed by 300 mL of 4 % 
paraformaldehyde in PBS. The brains were then carefully extracted and post-fixed in 4 % PFA for 
about 5 - 16 hours in a fridge at 4 oC after which the brains were transferred to PBS at the same 
temperature until the time of sectioning. Serial sections of the brain tissue were cut using a vibrating 
blade microtome (Leica VT1000S) at 50 µm and collected in series into 96 well cell culture plates 
containing 0.1 M PBS containing 0.1 % Triton X-100. Every second section was mounted on gelatin-
coated slides using fluoroshield (Sigma-Aldrich) to help preserve fluorescence. Sections were then 
screened for fluorescence using a fluorescent microscope (Olympus BX51). When fluorescently 
labelled neurones and injection sites were identified, adjacent sections were further processed using 
rabbit calretinin immunohistochemistry protocol for morphological visualisation of surrounding 
structures. 
 
5.1.5. Immunohistochemistry 
Calretinin immunohistochemistry protocol was adopted because of the distinct molecular expression 
of the calcium-binding protein, calretinin, in the amygdala and hippocampus. The protocol enables 
the visualisation of neuronal terminals, cell bodies and the precise morphological delineation of 
microinjection sites and surrounding structures in all the regions examined microscopically. The 
procedure was carried out using standard immunohistochemistry methods.  In brief, free floating 
sections were first incubated in a 10 % blocking solution consisting of goat serum in 0.1 M PBS 
before transferring to rabbit anti-calretinin (diluted 1:500) in antibody diluent (500 µL goat serum, 
75 µL Triton-X 100, 25 mL PBS). Tissues were incubated with the primary antibody for at least 24 
hours at room temperature and then rinsed three times (10 mins each) in PBS. Sections were then 
incubated with the secondary antibody, goat anti-rabbit Alexa Fluor 594 (1:500) at room temperature 
for 1 hour for fluorescent visualisation of calretinin-immunoreactive structures. In some cases, goat 
anti-rabbit biotinylated antiserum (1:500) for 1 hour at room temperature was alternatively used. In 
such cases, sections were rinsed in PBS (3 X) and then incubated with Streptavidin 350 1:200 for 1 
hour to allow for visualisation before a final round of rinsing. The tissues were then mounted on 
gelatin-coated slides, dried, rinsed with distilled water, dried again and then cover-slipped with 
Fluroshield (Sigma-Aldrich).  
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5.1.6. Image Presentation and Data Analysis 
Slides were viewed and images captured using a fluorescent microscope (Olympus BX51) equipped 
with an Olympus DP72 camera. Digital images were optimised by minimally adjusting contrast and 
brightness using Adobe Photoshop CC 2015. CT-b-labelled neurones in the ventral hippocampus and 
dorsal hippocampus were quantified in every third section to limit recounting the same neurones. 
Student t-tests were used to compare the number of retrograde-labelled neurones in the ventral and 
dorsal hippocampus. The densities of labelled neurones in the ventral hippocampus were scored on a 
scale of 0 - 4 for semi-quantitative representation. A score of zero represented no neurone labelling, 
a score of 1 represented sparse neurone labelling, score 2 represented moderate neurone labelling, 
scores 3 described dense neurone labelling and score 4 represented very dense neurone labelling. The 
slides were scored by one person. However, the method applied was designed to blind the scorer to 
the slide label so as to avoid bias. Illustrative line drawings were constructed with Adobe Illustrator 
CC 2015. All the line drawings were adapted and modified from Paxinos and Watson (2007). 
 
5.2. Results 
5.2.1. Description of Injection Sites 
Biotinylated dextran amine was injected into the ventral hippocampus, in an area that centred around 
4.92 mm caudal to Bregma. A representative micrograph of the BDA injection site is presented in 
Figure 5.1c. Retrograde (CT-b488) injections into the medial nucleus of the amygdala were made 
between areas 2.76 and 3.96 mm caudal to Bregma. A stereotaxic map with approximate locations of 
injection sites is also represented in Figure 5.2. Representative micrographs of injection sites are 
collaged in Figure 5.3. Details of injection sites and size of labelled areas are summarised in Table 
5.1. The epicentre of an injection site was defined an area that contained the largest spread of tracer 
in a given coronal brain section.  
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Table 5.1: A summary of the approximate lateral spread of BDA and CT-b at the epicentre injection sites for representative cases. 
 
 
 
 
 
 
 
 
 
 
 
 
Procedure Injection site Experiment Size of Injection site (µm)  
BDA 
Anterograde 
Tracing 
 
Ventral hippocampus 
 
Case 124a 
 
200 
 
 
CT-b488 
Retrograde 
Tracing 
BMA Case 125b 200 
PLCo/BMP Case 133b 250 
MePD/MePV Case 133a 150 
MePV/MePD Case 126a 200 
PMCo/AHiAL/MePV Case 134a 250 
PMCo/AHi Case 125a 200 
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Figure 5.1: Neurones in the ventral hippocampus project to the amygdala A & B) Line diagram of coronal sections of the rat brain illustrating 
projections from the ventral hippocampus to the amygdala. C) Micrograph showing BDA injection site into the ventral hippocampus 
and D) Representative micrograph of neurone terminals distributed in the postero-ventral part of the medial amygdala (MePV) to aspects 
of the baso-medial nucleus of the amygdala (BMA). E) Micrographs of coronal sections showing the spread of labelled neurone 
terminals in the amygdala across a rostro-caudal axis (bottom to top). 
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5.2.2. BDA Injection in the Ventral Hippocampus 
Biotinylated dextran amine injections into the ventral hippocampus were carried out in 14 rats. Dense 
and circumscribed projections were observed in the medial nucleus of the amygdala and the 
amygdalo-hippocampal area (Figure 5.1). The neurone labelling observed included very visible 
dendritic arbours but without dendritic spines at the magnification (x40) employed for analysis. 
 
5.2.3. CT-b488 Injection into the Amygdala 
Cholera toxin-b conjugated with Alexa flour 488 (CT-b 488) injections was made into the amygdala 
in seven rat experiments. Five experiments were successful, and four animals of the five received 
bilateral injections into the amygdala. Thus, a total of nine injections were made. However, 
satisfactory targets, uptake, and labelling of neurones devoid of artefacts were observed seven 
injection cases. See Figure 5.2 for a graphic summary of representative injection cases and sites of 
injection.  
 
5.2.4. Hippocampal Projections to the Amygdala 
i. Ventral CA1 region 
Retrograde-labelled neurones were identified in the ventral CA1 region following CT-b488 injections 
into aspects of the baso-medial and medial nucleus of the amygdala. Labelled neurones were 
identified as cell bodies filled with cytoplasmic green fluorescence and a dark coloured nucleus 
(Figures 5.4[E-H]; 5.5[C-F]). This was identified in all the experimental cases however the highest 
densities of retrogradely labelled neurones were observed in experiments were CT-b488 was injected 
into the baso-medial nucleus of the amygdala (Case 125b, Figures 5.4). An analysis of neurone 
density versus injection site in specific sections relative to Bregma is presented in Figure 5.7A. 
Labelled neurones were located in the pyramidal cell layer with a few neurones observed in the 
stratum radiatum and stratum oriens. Dense anterograde terminals in the ventral hippocampus were 
also visible (Figure 5.4D). These terminals 
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Figure 5.2: Illustrative line drawings of coronal sections of the rat brain showing targeted injection sites and coordinates of the amygdala relative to 
Bregma. 
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Figure 5.3: Representative fluorescent photomicrographs showing the appearance and site of CT-b488 injections in coronal sections of the rat 
brain. Injection sites were made into various areas in the amygdala. Scale bar A-C, E, F: 1000 µ; D: 200 µm. 
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Figure 5.4: Neurones in the ventral CA1 field of the hippocampus project to the basomedial nucleus (BMA) of the amygdala. A) Line drawing 
of coronal brain sections showing the portion of the ventral hippocampus that projects to the baso-medial amygdala. B-D) Fluorescent 
photomicrographs showing dense CT-b488 labelling of neurones cell bodies (bright green) in the ventral hippocampal CA1 region. E-H) 
Fluorescent photomicrographs of single labelled neurones in the ventral CA1 region. opt: optical tract; VS: ventral subiculum; rad: stratum 
radiatum; py: stratum pyramidale; or: stratum oriens. Experiment: Case 125b. Scale bar E-F: 40 µm. 
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Figure 5.5: Neurones in the vertical arm of the ventral CA1 field project to the posterior cortical nucleus of the amygdala. A) Line drawing 
of coronal sections of the rat brain highlighting a region in the vertical arm of the ventral CA1 region where CT-b labelled neurones. B-
F) Fluorescent photomicrographs of CT-b488 labelled neurones in the vertical arm of the ventral CA1 region. rad: stratum radiatum; py: 
stratum pyramidale; or: stratum oriens; LV: remnant of lateral ventricle. Experiment: Case 125a. Scale bar (C-D): 20 µm. 
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Figure 5.6: Neurones in the dorsal hippocampus project to the medial and basomedial nuclei of the amygdala. A-C) Line drawings of the 
dorsal hippocampus, showing areas of the CA1 with labelled neurones (solid blue spots). D-F) Fluorescent photomicrographs of 
labelled neurones located in the dorsal CA1 region. The white arrow heads point at retrograde- labelled neurones in the CA1 region 
of the dorsal hippocampus Experiment: Case 134a. Scale bar D: 100 µm; E-F: 20 µm. 
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Figure 5.7: Projections from the ventral hippocampus target specific nuclei in the amygdala. A) Histogram showing the semi quantitative 
distribution and density of labelled neurones in the ventral hippocampus. Arbitrary units for labelled neurones in the ventral hippocampus 
(y-axis): [0]-no labelling; [1]-sparse labelling; [2]-moderate labelling; [3]-dense labelling; [4] very dense. The graph demonstrates that 
injections into the basomedial nucleus of the amygdala (Case 125b) had the highest density of labelled neurones located between 4.68 – 
4.92 mm caudal to Bregma. B) Quantitative cell counts comparing the number of labelled neurones in the dorsal hippocampus versus 
neurones in the ventral hippocampus that projects to the amygdala (P < 0.0001, n = 5). 
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were believed to belong to the CT-b488 filled cell bodies that were visible around the injection site. 
The terminals were very conspicuous in the stratum oriens of the ventral hippocampus (Figure 5.4D). 
Interestingly, the labelling of CA1 neurones in cases of injections to the basomedial amygdala (Case 
125b) was restricted to the horizontal arm of the ventral CA1 region even as the topographical 
organisation of the CA1 region changed caudally, with the density of labelled neurones only reducing 
as this cell layer progressed upwards to join the dorsal field of hippocampus. However, in the case 
injections to the posterior portion of the medial amygdala (PMCo) (Figure 5.3F), labelled neurones 
in the CA1 field were located along the ascending vertical arm of the ventral hippocampus (Case 
125a, Figure 5.5). A bar chart to illustrate the distribution and density of labelled neurones in 
representative cases is illustrated in Figure 5.7A.  
 
 ii. Dorsal CA1 region 
Retrograde-labelled neurones filled with green fluorescence, and a dark coloured nucleus was 
observed in the dorsal CA1 region of the hippocampus, but they were fewer and more sparsely 
distributed compared to those of the ventral region (Figure 5.7B). Labelled neurones were typical 
pyramidal cells restricted to the CA1 region in the pyramidal cell layer (Figure 5.6). Unlike the ventral 
CA1 field, axon terminals were not identified. 
 
5.2.5. Projections from Parahippocampal and other Cortical 
Areas 
i. Entorhinal cortex 
A dense population of retrograde-labelled neurones was observed in the entorhinal cortex (Figure 
5.8). This dense population was restricted to the region immediately lateral to the lateral ventricle. 
Labelled neurone distribution appeared sparsely distributed in the lateral part of the nucleus compared 
to the medial aspects.  
 
ii. Ventral subiculum 
A large number of retrograde-labelled neurones were observed in the ventral subiculum. The labelled 
neurones were not as closely packed (or dense) as those of the ventral CA1 region and entorhinal 
cortex. However, the labelled neurones were spread and occupied larger fields (Figure 5.9).
 92 
 
 
Figure 5.8: Neurones in the entorhinal cortex project to the posterior cortical nuclei o the amygdala. A) Line drawings of coronal sections 
of the rat brain highlighting a portion of the entorhinal cortex (Ent) that contained labelled neurones projecting to the medial 
amygdala. B) Immunohistochemically prepared fluorescent photomicrograph showing a dense population of labelled neurones in 
the entorhinal cortex against a blue background of structures stained with calretinin conjugated with Alexa Fluor 350. LV: lateral 
ventricle; TeA: temporal association cortex; PRh: perirhinal cortex; LEnt: lateral entorhinal cortex. Experiment: Case 134a. Scale 
bar: 100 µm. 
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Figure 5.9: Neurones in the ventral subiculum target the basomedial nucleus of the amygdala A) Line drawing of coronal rat brain sections 
highlighting a region in the ventral subiculum that contained labelled neurones projecting to the basomedial nucleus of the amygdala. 
B) Fluorescent photomicrograph of a coronal section showing CT-b488 labelled neurones in the ventral subiculum projecting to the 
medial nucleus of the amygdala. Experiment: Case 133b. Scale bar: 100 µm. 
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Figure 5.10: Neurones in the dorsal endopiriform nucleus project to the medial and basomedial nuclei of the amygdala. A) Line drawings of 
coronal sections of the rat brain highlighting the dorsal endopiriform nucleus (DEn). B) Alexa Fluor 488 fluorescent photomicrograph 
of a coronal section the showing labelled neurones in the dorsal endopiriform nucleus that project to the basomedial nucleus of the 
amygdala; C) Immunohistochemically prepared fluorescent photomicrograph treated with calretinin conjugated with Alexa Fluor 350. 
D and E) Shows fluorescently labelled neurones in the lateral amygdaloid nucleus BLA: Basolateral amygdala; BLP: basolateral 
amygdaloid nucleus, posterior part; BLV: basolateral amygdaloid nucleus, ventral part; LaVL: lateral amygdaloid nucleus, 
ventrolateral part; ec: external capsule. Experiment: Case 134a (B and C); Case 133b (D and E). Scale bar: 200 µm. 
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Figure 5.11: Posteriolateral hypothalamic neurones project to the basomedial nucleus of the amygdala. A) Fluorescent photomicrograph of a 
coronal section of the rat brain showing CT-b488 labelled neurones in parts of the posterolateral hypothalamus (H field of Forel) 
following bilateral injections into the medial nucleus of the amygdala. B & C) enlarged photomicrograph showing large labelled 
pyramidal cells. D & E) Photomicrographs of labelled neurones in the arcuate and periventricular hypothalamic nucleus. Experiment: 
Case 125a and b. Scale bar B-E: 200 µm. 
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Figure 5.12: The ventral striatum projects to the posterior cortical nuclei of the amygdala. A) Line drawings of a series of coronal sections 
of the rat brain highlighting, in red ink, an area of the ventral striatum where the Island of Calleja (ICJ) is located B-D) Fluorescent 
photomicrograph of a coronal section the showing labelled neurones in the ICJ projecting to the medial and basomedial nuclei of the 
amygdala. Experiment: Case 134a. Scale bar: 200 µm. 
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Figure 5.13: The insular and piriform cortex project to the basomedial nucleus of the amygdala. 
A) Line drawings of a series of coronal sections of the rat brain highlighting an area 
containing labelled neurones in the anterior insular cortex (AI) in red. B, B´ & B´´) 
Fluorescent photomicrograph of a coronal section the showing labelled neurones in the 
AI. C & C´) Fluorescent photomicrograph of a coronal section the showing labelled 
neurones in the piriform cortex (Pir). Experiment: Case 125b. Scale bar: 200 µm. 
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iii. Projections from the Fields of Forel and hypothalamus 
Fluorescent CT-b labelled cell bodies were observed deep in the posterolateral region of the 
diencephalon, a region popularly known as the ‘H-Field of Forel’ (Figure 5.11). This was 
predominantly observed at ≈ 5.04 mm caudal to Bregma. The cell bodies were few, but closely 
packed. There were also projections from the periventricular nucleus of the hypothalamus (Figure 
5.11). 
  
iv. Dorsal endopiriform and piriform nucleus 
The endopiriform cortex was identified as a circumscribed area of multipolar cells lying on the deep 
end of the piriform cortex and immediately adjacent to the external capsule. This nucleus was densely 
labelled with neurones that project to the basomedial amygdala (Figure 5.10). Dense neurone 
labelling was also observed in the piriform cortex (Pir) (Figure 5.13 C & C´).  
 
v. Ventral striatum  
Fluorescent retrograde-labelled neurones were observed in the Islands of Cajella (ICJ) area of the 
ventral striatum. The neurones were few and sparsely distributed but conspicuous (Figure 5.12). 
 
vi. Insular cortex 
Fluorescent retrograde-labelled neurones were observed in the anterior insular cortex (AI). The 
neurones were densely packed, however, the distribution of traced neurones was restricted to a 
circumscribed area rather that all over the anterior insular cortex (Figure 5.13 B, B´ & B´´). 
 
5.3. Discussion 
5.3.1. Specificity of Ventral Hippocampus-Amygdala Projections  
In an attempt to understand the basis of emotional regulation of autonomic function, we have used 
both anterograde and retrograde tracing techniques to show the presence of dense neuronal 
projections from the ventral hippocampus to the basomedial and medial nucleus of the amygdala. 
Kishi et al. (2006) reported similar findings of projections between the two structures but the large 
volumes of retrograde microinjections applied made it impossible to differentiate ventral CA1 
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projections from projections of the ventral subiculum. The current study adopted a refined approach 
by targeting specific subnuclei of the amygdala with smaller volumes (150 - 200 µL) of fluorescent 
Alexa Fluor-conjugated CT-b488, which is a highly sensitive retrograde neuroanatomical tracer. With 
this approach, specific nuclei were individually targeted. Our results show a spread of CT-b limited 
to an average of two subnuclei. We show that the densest projections from the ventral CA1 field 
target the basomedial subnucleus of the amygdala (Figures 5.3A and 5.4). Similar findings have been 
reported in mice using biotin-conjugated dextran amine and tetrametyl rhodamine-conjugated dextran 
amine (Pardo-Bellver et al., 2012). However, they reported sparse projections between the medial 
amygdala and ventral CA1.  
 
The results reported in the current study represent an initial step towards testing the hypothesis that 
the amygdala is the relay through which the ventral hippocampus modulates autonomic functions. 
 
5.3.2. Projections from the Dorsal Hippocampus, 
Parahippocampus and Cortical/Subcortical Areas 
The origin of hippocampal projections to the amygdala was not restricted to the ventral CA1 region. 
The current study shows that other parts of the hippocampus proper and parahippocampal areas 
(Figures 5.6, 5.9 - 5.13) also projected to different parts of the amygdala. A population of neurones 
in the dorsal CA1 region of the hippocampus was seen to project to the medial amygdala albeit these 
were relatively fewer in total number (Figure 5.7B) and sparsely distributed in the hippocampus 
(Figure 5.6). The disparity between the dorsal and ventral hippocampus in terms of the number of 
projections supports the suggestions of dorso-ventral segregation in structure and function within the 
hippocampus (Moser and Moser, 1998; Bannerman et al., 2004b; Fanselow and Dong, 2010). 
However, interpretation of these connections in terms of quantity must be done with caution because 
while there are few monosynaptic projections, the dorsal hippocampus could still functionally 
regulate amygdala neurones with polysynaptic connections. Parahippocampal structures that 
contained labelled neurones include ventral subiculum and entorhinal cortex. The ventral subiculum 
and entorhinal cortex are known as the output relay structure of the hippocampus (O'Mara et al., 
2001), with the entorhinal cortex being more strongly connected to the ventral hippocampus than any 
other part of the hippocampus (Agster and Burwell, 2013). Thus, the presence of labelled neurones 
in these areas is suggestive of an indirect ventral hippocampus-amygdala pathway, the existence of 
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which would require functional studies or the use of transsynaptic neuronal tracers to prove. Of 
course, because of the pivotal role the amygdala plays in expressing social behaviours, it is also 
expected to receive sensory inputs from other cortical areas. Some of the other structures that were 
observed to send projections to the medial amygdala include the dorsal endopiriform cortex and 
hypothalamus. However, the physiologic/behavioural implications of such connections require 
further investigations. 
 
A pathway of significant interest in regulating of autonomic function could be the connections we 
observed between the amygdala and hypothalamus (Figure 5.11). The hypothalamus is known as a 
principal autonomic control hub in the central nervous system (Guyenet, 2006). Although the 
hypothalamus was not a primary focus in the current study, it is worth mentioning that both the central 
(a major motor output structure) and basomedial nucleus of the amygdala projects to lateral 
hypothalamic areas (Ono et al., 1985), and these projections are thought to support defensive and 
reproductive behaviours. However, in the current study we noted projections from areas in the 
hypothalamus (posterolateral, periventricular and arcuate hypothalamic nuclei) to the medial nucleus 
of the amygdala (Figure 5.11). Perhaps these projections serve a central control and feedback loop 
that has not been explored. 
 
5.3.3. Functional Significance of Ventral Hippocampus-Amygdala 
Projections 
In addition to the ventral hippocampal projections to the medial and lateral prefrontal cortical areas 
(Verwer et al., 1997), we now know that the ventral hippocampus targets the amygdalo-hippocampal 
complex and aspects of the basomedial, basolateral and medial nuclei of the amygdala (current study; 
(Ishikawa and Nakamura, 2006; Kishi et al., 2006). These revelations are important in offering 
suggestions of the role of the hippocampus in supporting the sociosexual and defensive behaviours 
appropriated by the amygdala. For example, the amygdala receives and processes vomeronasal 
signals from the olfactory bulb and in turn sends signals to the hypothalamus (Keshavarzi et al., 
2014). The information sent to the hypothalamus could be either chemosensory, as in the case of the 
direct vomeronasal pathway, or gonadal particularly where the posterior portions of the amygdala are 
involved due to the high concentration of androgen and oestrogen accumulated in neurones (Gomez 
and Newman, 1991; Wood et al., 1992). Both signal types provide the hypothalamus with the 
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necessary information for hormonal discharge, copulatory and defensive social behaviours. Given 
that projections from the ventral hippocampus target the medial amygdala nuclei, this pathway may 
modify or provide complement social behaviours. Perhaps, the autonomic responses triggered from 
the ventral hippocampus are complementary to the behavioural and hormonal functions that the 
medial nucleus of the amygdala intimately regulates. Furthermore, the hypothalamus relays signals 
to the brainstem (Holstege, 1987), and as such, the hippocampus-amygdala-hypothalamus-brainstem 
axis may be a viable circuit for the motor and autonomic modulation reported in previous chapters. 
To support the existence of this pathway, there is preliminary evidence that the central nucleus, which 
is the motor nucleus of the amygdala, communicates directly with the periaqueductal gray (Oka et 
al., 2008). The PAG produces specific motor and autonomic motor signatures (Dampney et al., 2013; 
Subramanian and Holstege, 2014) similar to those observed from the ventral hippocampus. Thus, the 
PAG may be a final common motor pathway for the appropriation of modulatory signals from the 
ventral hippocampus. In addition to the neurons in the central nucleus of the amygdala projecting to 
the PAG, there are also direct projections to the NTS, RVLM and PVN (Sah et al 2003), which are 
alternate possible pathways. 
 
It is worthwhile to note the possibility that hippocampal interaction with the amygdala may equally 
subserve the memory component of contextual emotional adaptation (Desmedt et al., 2015).  The 
contextual component of fear forms a bases of emotional adaptation (Desmedt et al., 2015) and this 
could be dependent on the hippocampus. Consistent with this, Kjelstrup et al. (2002) reported that 
lesions in the hippocampus of rats reduced the expression of fear. Although studies suggest that the 
interaction between the ventral hippocampus and amygdala is key in generating emotional behaviours 
(Albrecht et al., 2010; Segal et al., 2010), it is not clear whether this effect relates to the memory 
aspects of contextual fear conditioning or direct modulation of amygdala activities. 
 
5.3.4. Technical Considerations 
5.3.4.1. Topographical definition of ventral CA1 field 
In the ventral hippocampus, the borders between the various subregions of the Ammon’s horn (CA1, 
CA2, CA3) are not easily defined using routine stains. To identify CA1 area, α-actinin 
immunostaining is recommended (Ratzliff and Soltesz, 2001). Alpha-actinin immunoreactivity 
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occurs throughout the hippocampus. However, the pyramidal neurones of the ventral CA1 region 
exhibit the highest immunoreactivity (Ratzliff and Soltesz, 2001). Thus, this immunohistochemical 
technique enables a clear differentiation between adjacent CA1 and CA2 regions.  In the current 
study, no technique for anatomical differentiation of the various subregions was applied. Rather 
visual correlations with graphical atlases such as Paxinos and Watson (2007) were used for 
anatomical reference. Based on this, microinjections of CT-b tracers into the amygdala labelled 
neurones in the ventral CA1 field, indicating a direct interaction between both regions. Although 
labelled neurones were found in other areas, both hippocampal and parahippocampal, the heaviest 
density was in the CA1 region. However, it is important to note that CT-b does not label all neurones, 
and it is not transported in neurones equally. CT-b neurone labelling and transport depends on its 
ability to bind to the membrane glycolipid receptor, ganglioside (GM1) (Lencer and Tsai, 2003; 
Wernick et al., 2010). Thus, the expression of GM1 at the cell surface will affect labelling CT-b 
labelling and transport. Perhaps, the molecular expression of GM1 varies between the dorsal and 
ventral hippocampal fields, and parahippocampal areas. 
 
5.3.4.2. Volume of microinjections 
Microinjections with volumes ≥200 nL are commonly used to map projections in the brain. Over 
time, this technique has offered a reliable demonstration of brain circuits and significantly improved 
current understanding of brain networks. A major disadvantage, particularly with tracing projections 
of small nuclei, is the possibility of labelling adjacent nuclei. It is with these considerations in mind 
that the current study applied volumes ≤ 200 nL. Another disadvantage of microinjections ≥200 nL 
is excessive labelling of fibres of passage or bifurcating fibres particularly in fields of dense neurone 
population.  
 
5.3.5. Future Directions 
The data presented in this chapter provides clear evidence for neural connections between the ventral 
hippocampus and amygdala but does not provide any information about the synaptic properties of the 
connections in terms of neurotransmitters. For instance, it is not known whether the identified 
connections are excitatory or inhibitory. Thus, future studies combining retrograde/anterograde 
tracing with neurochemical characterisation using immunohistochemistry or in situ hybridization 
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would be useful in elucidating synaptic properties. Such investigations will give more meaning to the 
relationship between the hippocampus and amygdala, thereby enhancing the interpretation of 
subsequent physiological perturbations.
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CHAPTER 6 
 
FUNCTIONAL ASSESSMENT OF THE ROLE OF 
THE AMYGDALA IN MOTOR AND AUTONOMIC 
RESPONSES EVOKED BY VENTRAL 
HIPPOCAMPAL STIMULATION  
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6.0. Introduction 
The amygdala is a complex collection of nuclei that can be classified into three groups: 1) the 
centromedial group, which includes the central (CeA) and the medial nuclei (MeA), 2) the superficial 
group, which comprises the cortical nucleus and the nucleus of the lateral olfactory tract, and 3) the 
deep group, which is made up of the lateral (LA), the basolateral (BLA) and the basomedial (BMA) 
nuclei (LeDoux, 2000; Sah et al., 2003; De Olmos et al., 2004). Generally, these nuclei receive 
extensive sensory inputs of olfactory, somatic, auditory and visual content from a range of forebrain 
structures (Shi and Cassell, 1998b, a; Shi and Davis, 2001; Sah et al., 2003) to enable the expression 
of various components of emotions (LeDoux, 2000; Phelps and LeDoux, 2005; LeDoux, 2007). For 
example, the BLA integrates synaptic inputs from the sensory thalamus, medial prefrontal cortex 
(mPFC), hippocampus and entorhinal cortex towards processing and generating conditioned fear 
responses (Gale et al., 2004; LeDoux, 2007; Qu et al., 2008; Ehrlich et al., 2009; Laurent and 
Westbrook, 2010) as well as in the switching between exploratory and defensive behavioural states 
(Herry et al., 2008). The BMA also receives projections from the mPFC (Adhikari et al., 2015) and 
the hippocampus (Chapter 5) but specifically regulates the expression of anxiety and fear-related 
behaviours such as freezing (Adhikari et al., 2015). This organisation of descending synaptic 
connections depict a hierarchical order of neural mechanisms involved in coordinating sensory 
perception, signal processing and the enablement of a final manifestation of physiologic responses. 
However, in regulating these behaviours, the potential role of the amygdala in generating adaptive 
physiological changes or mediating the physiological responses evoked from higher hierarchical 
levels is unclear. 
 
The relationship between emotions and the autonomic nervous system is fundamental because 
expressing any given behaviour requires specific metabolic requirements. Thus, the functionality of 
the amygdala in mediating conditioned fear is suggestive of it having a role in adjusting autonomic 
outflow. Consequently, in humans, functional imaging studies have shown concurrent activation of 
the amygdala and autonomic modulation (Napadow et al., 2008; Yoshihara et al., 2016). However, 
such an interpretation should be made with caution as the outcomes of these studies are strictly 
correlational. Experiments in rabbits have also demonstrated integrated cardiorespiratory effects from 
stimulating the CeA (Kapp et al., 1979; Applegate et al., 1983). The effects generated, which included 
bradycardia and increased respiratory frequency, were proposed to be similar to those observed in 
response to emotional challenges (Applegate et al., 1983). However, it must be noted that different 
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stressors demand different physiological coping strategies. For example, psychological or escapable 
stressors, which have a top-down flow of information and require consciousness (e.g., the threat of a 
predator), typically evokes responses of tachycardia, hypertension and tachypnoea. While 
physiological or inescapable stressors, which require a bottom-up information flow (e.g., a pain of 
deep muscular or skeletal origin and haemorrhage) evokes bradypnoea and hypotension (Bandler et 
al., 2000; Keay and Bandler, 2001; Keay et al., 2001; Dayas and Day, 2002; Dayas et al., 2004). This 
deduction implies that the CeA may be more selective than specific to a ‘signature’ pattern.  
 
Based on the ability to modulate cardiorespiratory activities, the amygdala is part of the proposed 
central autonomic network (Dampney et al., 2002; Dampney, 2015). This argument is supported by 
projections from the CeA to the dorsomedial hypothalamus (Ono et al., 1985), sympathetic 
preganglionic neurones in the nucleus ambiguus and rostral ventrolateral medulla (Jongen-Relo and 
Amaral, 1998; Oka et al., 2008), and parasympathetic neurones in the dorsal motor nucleus of the 
vagus (Takeuchi et al., 1983). Physiologically, through paired electrical stimulation and chemical 
inhibition, there is evidence that projections from the amygdala to the brainstem mediate autonomic 
activities (Nalivaiko and Blessing, 2001). Following the injection of muscimol into the brainstem 
parapyramidal region, cutaneous vasoconstriction effects initially produced by stimulating the 
amygdala were significantly reduced. The effect noticed was a marked decrease in blood flow, 
however, this suggested descending amygdala-spinal pathways thought the brainstem (Nalivaiko and 
Blessing, 2001). Interestingly, the nuclei of the ventrolateral medulla also contain the neurones that 
are responsible for generating the rhythm of respiration (Ezure, 1990; Ramirez and Richter, 1996). 
Drawing inferences from our previous physiological studies (Chapters 3 and 4) in which the ventral 
hippocampus generated motor and autonomic changes, and the demonstration of robust connections 
between the ventral hippocampus and BMA (Chapter 5), it is likely that the ventral hippocampus 
recruits neurones in the BMA to evoke motor and autonomic responses. Accordingly, it is 
hypothesised that activating the BMA will induce some form of autonomic effects, while inhibition 
of this region using the GABAA agonist, muscimol, will block the ability of the ventral hippocampus 
to modulate autonomic function. 
 
6.1. Experimental Protocol 
Urethane-anaesthetised Sprague-Dawley rats (n = 20; 200 – 360 g, either sex) were used for this 
study. All anaesthetic and surgical protocols described in Chapters 2 and 3 were used.  In the first set 
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of experiments, the amygdala was stereotaxically mapped using the excitatory amino acid, DLH (200 
nL, 50 mM, pH 7.4), to locate areas that produce motor and autonomic changes. Nuclei in the 
amygdala that were stimulated include the posteriolateral cortical amygdaloid nucleus, 
posteriomedial cortical amygdaloid nucleus, basomedial nucleus and parts of the lateral nucleus. 
Coordinates were adopted from Paxinos and Watson (2007). In these experiments, detailed changes 
in diaphragmatic motor activity (EMG) was assessed.  
 
 
 
 
 
 
 
Figure 6.1: A diagrammatic illustration of the study experimental rationale. (i) represents 
experiments involving stimulating the amygdala (+). The amygdala plays a pivotal 
role in integrating multiple neural inputs as indicated, thus, complex cardiorespiratory 
responses are predicted and as such the results will be interpreted cautiously. 
However, any adjustment of autonomic function will be sufficient indication of 
physiological interaction with the brainstem. (ii) represents experiments to stimulate 
(+) the ventral hippocampus before and after inhibiting (-) the amygdala. Results from 
this phase of experiment will test the central hypothesis that projections from the 
ventral hippocampus to the amygdala mediate the evoked autonomic responses. Note 
that the two phases of experiments were conducted on separate cohorts of animals.  
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In the second set of experiments, areas of the ventral hippocampus that demonstrated the densest 
projections to the amygdala (Chapter 5) were stereotaxically mapped using microinjections of DLH 
to identify discrete neurone populations that produce an integrated respiratory and cardiovascular 
response. After identifying the responsive neurone cluster, the BMA (Bregma: -2.40 mm; ML: 4.2 
mm; DV: 9.2 mm) was ipsilaterally inactivated with muscimol (40 ng in 200 nL).  Saline 
microinjections were performed as control experiments. Within 10 – 15 minutes of injecting 
muscimol or saline into the amygdala, the ventral hippocampus was stimulated again. This time 
interval was necessary so that the effect of muscimol was still active when the ventral hippocampus 
was stimulated. Motor and autonomic responses elicited by stimulation of the ventral hippocampus 
before and after inactivating the amygdala were assessed for significant differences compared to 
saline control injections. Injections sites were marked with toluidene blue stain for post-procedural 
identification of injection. 
 
6.1.1. Data Analysis 
Respiratory and cardiovascular outflow were collected by inter-phasing and amplifying tracheal and 
blood pressure transducers to a Neurolog amplifier (NeuroLog Systems, Digitimer, Hertfordshire, 
UK). The data was then digitised (Micro1401 A-D converter, CED, Cambridge, UK) and recorded 
using Spike II software (CED, Cambridge, UK) for offline analysis. Post experiment, patterns of 
respiratory mechanics including the duration of inspiration (Ti) and expiration (Te), and respiratory 
rate (RR) were calculated. Control values (baseline) for respiration were extracted from a period of 
20 seconds before stimulation. Control values (baseline) for cardiovascular data was extracted from 
a period of 60 seconds before stimulation. The mean arterial pressure (MAP) and heart rate (HR) 
were extracted, stored in Microsoft Excel 2016 and then exported to Prism 6 (GraphPad Software, 
Inc) for analysis. Data are presented as mean ± SEM. Paired t-test was used to determine differences 
between pre (baseline) and post (effect) stimulation periods. Graphs and representative tracings were 
transformed to vector-based graphics using Adobe Illustrator CC 2015.3 software. Representative 
line drawing of injection sites was also made using Adobe Illustrator. 
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6.1.2. Histology and Imaging 
At the end of each experiment, rats were perfused with 300 mL of PBS and then 300 mL of 4 % PFA 
and brains were carefully removed and immersed in 4 % PFA for at least 24 hours. Coronal sections 
were cut at a thickness of 50 µm using a vibratome and stained with 1 % cresyl fast violet 
histochemical protocol. Microscopic assessment of injection sites was then carried out to verify 
placement of micropipette. Representative micrographs of injection sites are presented (Figure 6.6). 
 
6.2. Results 
6.2.1. Effects of DLH Microinjections into the Amygdala on 
Cardiorespiratory Control 
Stimulation of the BMA with the excitatory amino acid, DLH, produced an irregular change in 
cardiovascular function (n = 9; Figure 6.2). Mean arterial pressure increased from a baseline value of 
95.6 ± 6.0 mmHg to a maximum of 120.9 ± 4.6 mmHg (P < 0.0001). This change was sustained for 
≈ 2 minutes before a gradual return to baseline. In some instances (n = 3), striking transformation in 
breathing pattern accompanied the cardiovascular change. The adopted breathing pattern was 
characterised by irregular sequences of inspiratory and expiratory duration and amplitude (defined 
herein as ataxic breathing) as well as a pronounced tonic contraction of the chest wall in some cases 
(evident as a baseline elevation in the chest wall force transducer recording; Figures 6.2 and 6.3). The 
change in rhythm of respiration resulted in an overall reduction in respiratory rate due to a significant 
increase in inspiratory duration from a baseline of 0.25 ± 0.004 to 0.38 ± 0.01 seconds (P < 0.0001) 
and expiratory duration from 0.34 ± 0.01 to 0.76 ± 0.14 seconds (P < 0.0001).  The ataxic breathing 
pattern was accompanied by notable twitching of fascial muscles, particularly around the nostrils (not 
quantified).  In one instance irregular chest wall movements were noted, although there were minimal 
associated changes to diaphragmatic EMG activity (Figure 6.3). An occasional end-inspiratory pause 
(breath hold; Figure 6.4) was also observed lasting for ≈ 1 second (the average time of a full breathing 
cycle).
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 Figure 6.2: The amygdala modulates the cardiorespiratory system but without distinct signatures. A) Representative figure showing an 
ataxic and bradypnoeic response generated by stimulating the amygdala with DLH (200 nL). B) Schematic diagram of areas in the 
amygdala that were stimulated. C, D & E) Expanded tracings showing the details of blood pressure and respiration during normalcy 
(baseline), changes on cardiorespiratory outflow and when normalcy was regained, respectively. Representative of n = 9. 
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Figure 6.3: Tracing illustrating ‘ataxic’ breathing in a case of DLH stimulation of the basomedial amygdala. This breathing pattern was 
accompanied by a slight rise in blood pressure, and rapid skin movements around the nostrils and vibrissae (not shown). 
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Figure 6.4: The basomedial nucleus of the amygdala triggers a breath hold reflex. A) Tracing illustrating breath hold observed in a 
case of stimulating the basomedial amygdala with DLH (200 nL). Tonic contraction of the chest wall was observed alongside 
a period of bradycardia. B) Expanded view of a portion in ‘A’ highlighting a representative breath hold. 
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Figure 6.5: A & B) Bar charts showing significant changes (P < 0.0001) in the components of breathing before (baseline) and at various time 
points after stimulation.  C) Box and whiskers plot of mean arterial pressure showing significant differences (P < 0.0001) between 
pre and post stimulation periods (n = 9). The blue bars (Baseline) represent mean data collected before stimulating the basomedial 
amygdala with DL-Homocysteic acid (DLH). The red bars represent data at different time points following stimulation of the 
basomedial nucleus of the amygdala with DLH.  
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6.2.2. Inactivation of the Amygdala and Stimulation of the Ventral 
Hippocampus 
Before inhibiting the BMA with muscimol, an area in the ventral hippocampus capable of generating 
integrated cardiorespiratory effects was located (Bregma - 4.92 mm, ML 4.90 mm and DV 8.40 mm; 
Figure 6.6A & B). Stimulation of this part of the ventral hippocampus produced significant increases 
(n = 8; P < 0.0001) in mean arterial pressure from 78.4 ± 2.2 to 115.7 ± 4.1 mmHg. Tachycardia was 
also generated from baseline values of 425.0 ± 8.8 to 481.7 ± 11.0 beats/minute (n = 8; P = 0.0001).  
was not significant (n = 5; P = 0.67). There was also no significant difference (P = 0.40) in inspiratory 
duration before (baseline) and after (effect) stimulating the ventral hippocampus with DLH (n = 6). 
The duration of inspiration before and after stimulation were 0.25 ± 0.01 and 0.24 ± 0.01 seconds, 
respectively. However, there was a significant difference in expiratory duration (n = 6; P < 0.0001) 
from 0.39 ± 0.01 seconds at baseline to 0.60 ± 0.04 seconds  in the effective period. The change in 
expiratory duration resulted in a significant decrease (P < 0.0001) in respiratory rate from a baseline 
of 95.99 ± 2.20 to 77.49 ± 3.18 breaths/minute. After these effects had been generated, a period of 
approximately 20 minutes was allowed for cardiorespiratory activities return to baseline values before 
infusing muscimol into the BMA (n = 8; Bregma – 2.76 mm, ML 4.00 mm, DV 9.20 mm).  No 
observable change in cardiorespiratory activity was elicited by injecting muscimol into the amygdala. 
Stimulating the ventral hippocampus again within 5 – 10 minutes of infusing muscimol into the 
amygdala resulted in a reduction in the cardiorespiratory responses compared that evoked prior to 
muscimol treatment (Figure 6.7). In this case, non-significant increases in mean arterial pressure (P 
= 0.16), heart rate (P = 0.16), inspiratory duration (P = 0.80) and respiratory rate (P = 0.72) were 
observed. In stark contrast, microinjection of saline into the amygdala was without effect on DLH-
evoked cardiovascular responses (Figure 6.8). 
 
6.3. Discussion 
The amygdala plays crucial roles in sensing environmental cues and facilitating the expression of 
appropriate emotional behaviours (LeDoux, 2000; LeDoux, 2003; Kubo et al., 2004; Phelps and 
LeDoux, 2005; LeDoux, 2007). The nucleus also modulates basic motor and autonomic function 
(Homma and Masaoka, 2008; Quagliotto et al., 2008; Neckel et al., 2012; Quagliotto et al., 2015; 
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Figure 6.6: A) A representation of integrated motor and autonomic changes generated by stimulating the ventral hippocampus with DLH (200 
nL) prior to inactivation of the amygdala. B) Representative photomicrograph of DLH injection site in the ventral hippocampus. 
C) Representative photomicrograph of injection site in the amygdala. Note that the basomedial amygdala (BMA) was the primary 
target therefore efforts were made to position the injection needle at the dorsal boarder of the nucleus to maintain the integrity of 
the nucleus. From the injection site, muscimol would evenly diffuse throughout the BMA. Scale bar: 100 µm. 
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Figure 6.7: A, B & D) Line graphs showing changes in mean arterial pressure (MAP), heart rate 
and inspiratory and expiratory durations produced by stimulating the ventral 
hippocampus before (black lines) and after (red lines) inactivating the amygdala with 
muscimol. C & E) Bar graphs showing changes in respiratory rate and tracheal 
pressure produced by stimulating the ventral hippocampus before (blue bars) and 
after (red bars) inactivating the amygdala. All error bars represent standard error of 
the mean [(SEM), n = 8]. F) A diagrammatic illustration of experimental concept. 
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Figure 6.8: Graphical representations of control experiments. A, B & D) Line graphs showing 
changes in mean arterial pressure (MAP), heart rate and inspiratory and 
expiratory durations produced by stimulating the ventral hippocampus before 
(black lines) and after (red lines) inactivating the amygdala with muscimol. C & 
E) Bar graphs showing changes in respiratory rate and tracheal pressure produced 
by stimulating the ventral hippocampus before (blue bars) and after (red bars) 
inactivating the amygdala. All error bars represent standard error of the mean 
[(SEM), n = 3]. F) A diagrammatic illustration of experimental concept. 
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Sugita et al., 2015) but most of the studies highlighting the influence of the amygdala on motor and 
autonomic activities have focused on the CeA and MeA with little attention to the BMA. The current 
study demonstrates the capacity of the BMA to produce cardiorespiratory modulation. The data shows 
peculiar dysrhythmic cardiovascular activities as well as a breathing pattern where ataxia and 
decreased respiratory rate is accompanied by sustained contraction of the chest wall when the BMA 
is directly stimulated (Figure 6.2). Importantly, manipulation of the synaptic transmission properties 
of the amygdala with the GABAA agonist, muscimol, does not produce any change in basal autonomic 
control but reduces the ability of the ventral hippocampus to modulate motor and autonomic output 
(Figure 6.7). These findings are in alignment with a previous study that investigated the role of the 
BMA in the haemodynamics of anaesthetised rats (Yoshida et al., 2002). In their study, injection of 
the bicuculline, a GABAA antagonist, into the BMA produced dose-related hypertension and 
tachycardia, while muscimol inhibited these effects (Yoshida et al., 2002). In contrast, Mesquita et 
al. (2016) recently reported cardiovascular changes in response to muscimol injections into the BMA 
in awake rats. The conflicting reports may result from the suppressive effects of urethane on the 
cardiovascular system (Field et al., 1993; Bencze et al., 2013), or may simply be a reflection of the 
complex neuronal input and output system of the amygdala. However, the findings indicate 
physiological interactions between the BMA and brainstem autonomic control centres. 
 
6.3.1. Implications of Amygdala Involvement in Autonomic 
Functions 
Several previous studies have demonstrated an involvement of the medial amygdala in autonomic 
control.  Fukumori et al. (2004) showed that ibotenic acid lesion of the MeA mitigates the 
development of hypertension in spontaneously hypertensive rats. Additionally, microinjections of 
glutamate into the MeA evoked tonic firing of angiotensin II-sensitive neurones in the anterior 
hypothalamic area, important for the development of hypertension (Hagiwara et al., 2005). These 
findings have been interpreted as evidence of the medial amygdala playing a role in the engagement 
of physiological responses during the processing of sociosexual behaviours, fear conditioning and 
stress responses (Takahashi et al., 2007; Davern and Head, 2011). A standard feature in the expression 
of these behaviours involves a tonic shift from baseline motor and autonomic outflow due to 
anticipated or actual changes in metabolic demands. For instance, aggression, which is both a 
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response to fear and a social parenting behaviour (Dulac et al., 2014), involves recruiting the 
sympathetic nervous system and a characteristic cardiovascular pressor effect (Ax, 1953; Alm, 2004).  
 
The current study is the first to show that direct stimulation of neurones in the BMA can elicit 
integrated autonomic responses. Although the cardiovascular activities observed in the present study 
lost normal rhythm, the tonic pressor effect observed suggests an activation of the sympathetic 
nervous system. Neural circuits which may have been recruited in this process include descending 
amygdala projections to hypothalamic autonomic control centres (Ono et al., 1985) and vago-
sympathetic neurone clusters in the brainstem (Takeuchi et al., 1983; Jongen-Relo and Amaral, 1998; 
Oka et al., 2008). Of course, such descending connections are with the CeA, which is considered the 
main amygdala output structure, receiving projections from surrounding nuclei, including the BMA 
(Petrovich et al., 1996; Medina et al., 2002; Phelps and LeDoux, 2005; Janak and Tye, 2015).  
 
The possibility of DLH spreading to adjacent structures is also not ruled out. The dysrhythmic 
activities observed in the present study could be the result of partly stimulating the immediately 
adjacent MeA or even the CeA in which case multiple descending tracts were stimulated. However, 
the results from the previous tract tracing study (Chapter 5) demonstrated neurone projections from 
the region of the ventral hippocampus that produces autonomic effects to the BMA. Thus, the 
anatomical results support the assertion that the physiologic effects generated by stimulating or 
inhibiting the BMA are more likely produced due to interrupting a pathway coming from the ventral 
hippocampus.  
 
Another novel finding in the current study is the adjustments in breathing pattern triggered by 
stimulating the BMA. During emotional behaviours, changes in breathing pattern enable appropriate 
vocal expressions (Reilly and Moore, 2009; Sugiyama et al., 2014), and previous studies implicate 
the amygdala as a limbic site for respiratory modulation.  However, again, the focus has been more 
on the lateral nuclei. For instance, studies based on the hypothesis that dopaminergic neuronal 
activities in the amygdala are responsible for generating emotions attempted to investigate underlying 
respiratory motor effects (Sugita et al., 2015).  Infusion of dopamine antagonists led to a significant 
reduction in respiratory rate, suggesting that basal dopamine levels regulate emotionally-driven 
respiratory activity (Sugita et al., 2015). It is not known if similar dopaminergic neurones are also 
dominant in the BMA. However, the current study provides preliminary evidence that neurones in 
the BMA also modulate respiratory activities.  
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6.3.2. Conclusion 
The BMA has well-described roles in appropriating defensive reactions and as such it is expected that 
such reactions would require compliment of respiratory and cardiovascular adjustments. We confirm 
that the dense neuronal projections from the ventral hippocampus to the BMA (Chapter 5) subserve 
cardiorespiratory function. However, current knowledge will be improved if detailed physiologic 
monitoring of autonomic parameters is integrated into defensive behavioural studies. Such 
experiments will provide evidence of the specific autonomic responses to emotional challenges and 
re-enforce the argument that breathing is a behaviour, which could be modulated by complex 
interactions between limbic forebrain structures (Homma and Masaoka, 2008) and not just by the 
mechanical and chemosensory factors.
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CHAPTER 7 
 
GENERAL DISCUSSION AND CONCLUSION  
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7.0. Significant Findings and Possible Implications 
The limbic system is a potent modulator of autonomic activities and can respond to a range of 
environmental challenges via neural networks that connect the limbic system to the autonomic control 
centres of the hindbrain. The hippocampus is an essential component of the limbic system and is also 
inherently involved with emotional responses to environmental stressors, yet knowledge of its 
involvement in autonomic regulation is limited.  The findings in this thesis described the manner in 
which the hippocampus modulates motor and autonomic function.  Cardiorespiratory activities can 
be markedly altered during stress-driven autonomic changes to cope with metabolic demands, or to 
enable full expression of the emotion as is the case in vocalisation. A major outcome from this thesis 
was to demonstrate the influence of the ventral hippocampus over respiratory and cardiovascular 
functions. This body of work showed that the activation of the ventral hippocampus contributes to a 
functional network that modulates motor and autonomic function, which is consistent with this region 
also regulating emotional behaviours, such as fear, anxiety and stress. It was interesting that this 
control of autonomic circuitry was independent of the dorsal field of the hippocampus, a region 
critical in the local regulation of the hippocampus. The current results, therefore, support the reports 
of functional and structural dissociation between the dorsal and ventral hippocampus (Moser and 
Moser, 1998; Bannerman et al., 2004b; Fanselow and Dong, 2010; Kheirbek and Hen, 2011). 
 
Activation of the sympathetic arm of the autonomic nervous system, for example, in response to stress 
or exertion, induces an increase in blood pressure and heart rate (Guyenet, 2006). An enhanced 
sympathetic activity may account for the autonomic effects evoked by stimulating the ventral 
hippocampus in the current studies (Chapters 3 and 6). Typically, during sympathetic activation, 
epinephrine released from the adrenal medulla into circulation activates cardiac b-adrenergic 
receptors, resulting in increased myocardial contractility and systemic vasoconstriction (Florea and 
Cohn, 2014). The outcome is an increase in both heart rate and blood pressure, which resemble the 
results of stimulating the ventral hippocampus in the current studies. However, an activated 
sympathetic system is cautiously implicated because the effects could also result from decreased 
parasympathetic activity or a combination of alterations in both sympathetic and parasympathetic 
activities. A clarification of which arm in the autonomic nervous system is affected by ventral 
hippocampal stimulation is difficult since measures of sympathetic and vagal nerve activity were not 
concomitantly collected in the present studies. In a study where chemical microinjections into the 
central nucleus of the amygdala elicited cardiovascular pressor responses, concurrent monitoring of 
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the lumbar sympathetic nerve revealed increased activity (Chapp et al., 2014). Thus, given the tested 
hypothesis of the amygdala being a relay structure of the ventral hippocampus (Chapter 6), it is logical 
to suggest an activated sympathetic nervous system in the present study. This inference is also 
supported by knowledge of the characteristic cardiovascular outflow pattern elicited through 
descending activation of the sympathetic nervous system (Guyenet, 2006).  
 
The neural circuitry connecting the ventral hippocampus to brainstem autonomic control nuclei was 
partially elucidated.  It has been proposed that limbic structures, such as the anterior cingulate cortex 
and amygdala, use the periaqueductal gray (PAG) as a common motor output pathway (Subramanian, 
2013). Assessments of neuronal activity while monitoring defensive behaviours have demonstrated 
the ability of the PAG to induce reactions of fight and flight (Deng et al., 2016). However, the 
physiological interactions between higher cognitive brain structures to the PAG have not been 
demonstrated. Although, there are no monosynaptic connections between the hippocampus and PAG, 
forebrain structures have the capacity to engage the brainstem through a variety of relay nuclei 
(Dampney, 2015). Thus, it was hypothesised that the hippocampus-amygdala axis may be a circuit 
through which motor and autonomic changes could occur. This hypothesis was tested in the current 
thesis by applying a combination of anatomical and chemical micro-stimulation techniques while 
monitoring autonomic parameters. Specific projections of the ventral hippocampus to the amygdala 
were identified using anatomical tract tracing techniques (Chapter 5). Teasing out the particular 
circuit that eliciting motor and autonomic control from the ventral hippocampus involved increasing 
the inhibitory threshold of local circuit neurones in the amygdala by activating GABA receptors. This 
approach should block physiological interactions with lower brain autonomic control centres. In the 
current study (Chapter 6), infusing muscimol, a potent GABA agonist, into the amygdala while 
concomitantly stimulating the responsive region of the ventral hippocampus significantly reduced the 
production of autonomic changes. This finding confirms that the ventral hippocampus is one higher 
brain area that relies on the basomedial nucleus of the amygdala to modulate the autonomic nervous 
system, conceivably by regulating medullary autonomic motor and premotor nuclei via the PAG or 
other intermediate nuclei. An illustration of the possible pathways through which the ventral 
hippocampus communicates with brainstem is presented in Figure 7.1. Overall, my findings give 
support to investigations that have identified prominent connections between CA1 neurones of the 
ventral hippocampus and sympathetic nervous system areas that regulate cardiovascular function 
(Westerhaus and Loewy, 2001; Castle et al., 2005). However, the studies by Westerhaus and Loewy 
(2001), which used trans-synaptic neurone tracing techniques, did not clarify the structural pathways 
involved. The present work adds to this knowledge by identifying the basomedial nucleus of the 
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amygdala as a potent pathway through which the ventral hippocampus interacts with autonomic 
control centres. Interestingly, the basomedial nucleus of the amygdala is also identified as a region 
that mediates ‘top-down’ control of anxiety and fear (Adhikari et al., 2015). 
 
 
 
 
 
Figure 7.1: Proposed descending circuit diagram of the pathways for ventral 
hippocampus modulation of autonomic function. The solid lines represent 
circuits that have been established using anatomic tract tracing techniques, and 
confirmed by physiological manipulations. The broken lines represent identified 
anatomical projections but without confirmatory physiological evidence. The 
current thesis represents both anatomical and physiological evidence of pathways 
for autonomic modulation between the ventral hippocampus and the amygdala.  
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The experiments in this project were conducted on anaesthetised animals, preventing direct 
observation of behavioural emotional outcomes. However, reliable indirect evidence can be drawn 
because physiologic responses, such as augmented breaths, are strongly linked to emotional 
behaviours (Ramirez, 2014). In the current study, stimulation of the ventral hippocampus completely 
suppressed the motor expression of augmented breaths (Chapter 4). The same region of the ventral 
hippocampus investigated in the current study has been implicated in regulating the expression of 
fear and anxiety (Kjelstrup et al., 2002; Maren and Holt, 2004; Ballesteros et al., 2014). Thus, the 
physiological changes demonstrated in anaesthetised animals are consistent with those that 
accompany the behavioural expressions thought to be regulated by the ventral hippocampus. For 
instance, some key factors that affect the motor expression of augmented breaths include relief from 
stress and a previous history of traumatic events or anxiety disorders, such as in post-traumatic stress 
disorder (Soltysik and Jelen, 2005; Sody et al., 2008). These factors involve events that are perceived 
and processed in the cortex. In the case of relief from stress, studies in rats have shown that 
expectation of the termination of an aversive stimulus increases the incidence of augmented breaths 
by about 20 times (Soltysik and Jelen, 2005). A correlation between increased frequency of 
augmented breaths and relief from stress suggests that ongoing anxiety or fear might trigger a 
suppression of augmented breaths. Thus, the suppression of augmented breaths observed in the 
current study (Chapter 4) adds support to the proposed involvement of the ventral hippocampus in 
the expression of anxiety.  
 
7.2. Role of the Ventral Hippocampus-Amygdala Circuitry in 
Emotions 
For an individual to assess an environmental challenge and produce appropriate physiological 
responses there must be sensory perception, followed by coordinated interactions between forebrain 
structures. These interactions enable cognition and an assessment of the challenge to establish if it 
portends danger. If danger signals are perceived, subcortical and brainstem nuclei are recruited to 
facilitate the generation of behavioural and physiological responses (Calhoon and Tye, 2015). 
Inactivation and lesion-based studies have identified the hippocampus and amygdala as perhaps the 
most pivotal structures, particularly in relation to fear, anxiety and stress responses (Bannerman et 
al., 2003; Pentkowski et al., 2006; Bondarenko et al., 2014; Felix-Ortiz and Tye, 2014; Zhang et al., 
2014; Sandi and Haller, 2015). However, knowledge of the contributions of each region in generating 
specific physiological responses remains limited. The respiratory motor patterns generated from 
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stimulating the ventral hippocampus, suggests inherent processing of modulatory motor information. 
However, the cardiorespiratory patterns produced by stimulating the amygdala were not as well 
defined, but rather reflected a combination of ataxic respiration with tonic changes in respiratory 
efforts and bradypnoea in some cases, while the general increase in cardiovascular function was 
characterised by irregular systolic-diastolic rhythm (see Figure 6.2). These irregular effects suggest a 
disruption of converging inputs coming from a range of higher brain structures, since the amygdala 
also receives inputs from areas such as the insula and medial prefrontal cortex, which are capable of 
influencing autonomic function (Resstel and Correa, 2006; Alexandrov et al., 2007; Hassan et al., 
2013; Cechetto, 2014). Perhaps the amygdala only serves as a relay and processing unit in respect to 
central descending autonomic pathways. This inference is in line with suggestions that the amygdala 
functions in integrating sensory signals, and is subject to higher order commands from the 
hippocampus, thalamus, visual cortex, auditory cortex, olfactory lobes and prefrontal cortex (Davis 
and Whalen, 2001). Nevertheless, the mere ability of the basomedial nucleus of the amygdala to 
produce such changes is a clear indication of communication with brainstem autonomic control 
centres.  
 
Within the amygdala, there is an increasingly well-understood microcircuitry for processing 
information of emotional content (Phelps and LeDoux, 2005). In this system, the central nucleus of 
the amygdala is considered the output structure and, as such, receives inputs from the surrounding 
nuclei, including the basomedial nucleus, for transmission to lower brain areas (Medina et al., 2002; 
Phelps and LeDoux, 2005; Janak and Tye, 2015). Also, studies have demonstrated monosynaptic 
projections from the central nucleus of the amygdala that engage microcircuits in the PAG, and 
neurones further downstream in the retroambiguus nucleus of the ventrolateral medulla (Rizvi et al., 
1991; Medina et al., 2002; Oka et al., 2008; Dampney et al., 2013). The central nucleus of the 
amygdala is also known to project directly to the lateral nucleus of the hypothalamus (Price and 
Amaral, 1981), the nucleus of the solitary tract (Saha et al., 2000) and the dorsal motor nucleus of the 
vagus (Schwaber et al., 1982), all of which are potent modulators of the cardiovascular system. These 
are viable structural pathways that could be recruited by the amygdala to relay modulatory signals 
from the ventral hippocampus to lower brain motor and autonomic control centres. However, the 
pathway of ventral hippocampus-amygdala-hypothalamus/brainstem for autonomic modulation may 
not be exclusive, as the ventral hippocampus also projects to the lateral septum (Sweeney and Yang, 
2015) and ventromedial prefrontal cortex (Ishikawa and Nakamura, 2006), which are also potent 
modulators of autonomic functions (Dobrakovova et al., 1982; Resstel et al., 2004; Resstel and 
Correa, 2006; Hassan et al., 2013). 
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7.5. Translational Significance of Findings  
To understand the mechanisms and triggers of anxiety and stress in humans, in both health and 
disease, knowledge of the synaptic circuitry involved is crucial. Across species, a similar network of 
structures is responsible for processing and appropriating emotions, such as fear and anxiety 
behaviours, both of which are potent triggers of stress. These emotions and the associated disorders 
have strong memory and autonomic components for which the hippocampus and amygdala are 
critical mediators, respectively. The autonomic components usually involve a sustained activated 
sympathetic system, with profound effects on cardiac function and peripheral vessels, leaving patients 
prone to heart failure (Pan et al., 2015; Allgulander, 2016; Grassi and Ram, 2016). In such cases, 
strategies to inhibit the sympathetic drive to the heart using b-receptor blockers is being incorporated 
in management therapies to prolong life (Yancy et al., 2013). Alternatively, management strategies 
would be the routine clinical approach to anxiety and stress, which includes behavioural adjustments 
and psychotherapy. There is little consideration about manipulating the central triggers due to limited 
understanding of the functioning and mechanisms of limbic circuits, which are the primary causative 
factors. In farm animals, stress impacts on the general well-being with grave economic consequences. 
Animals with refractory cases of chronic stress are often culled due to limited understanding of the 
fundamental neural circuits involved. Thus, the demonstration of hippocampus-amygdala 
connectivity in this thesis is important, as it builds on current knowledge and improves our 
understanding of the functional dynamics that exist between both regions, which is essential for better 
understanding of affective disorders. 
 
The acute rise in cardiovascular function observed by stimulating both the ventral hippocampus and 
the amygdala suggests a loss of inhibitory control over autonomic function, perhaps due to activating 
the sympathetic nervous system. These are classical manifestations in severe cases of affective 
disorders with abnormal social behaviours (Williams et al., 2004). Such sympathetically driven 
cardiovascular changes are potential causes of cardiac arrhythmias and death in stress, mental and 
affective disorders generally (Bar et al., 2007). Thus, understanding the fine details of the interaction 
between the hippocampus and amygdala has the potential to unravel fundamental mechanisms 
involved in emotional behaviours and their associated disorders. Although the capacity to directly 
translate findings from rodents to humans or higher animals is unclear, the underlying principles of 
interactions between cortical and subcortical structures may well be conserved. Accordingly, the 
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investigations reported here give a better insight into the current knowledge of emotions in humans 
and associated disorders. 
 
Another important translational significance of my studies relates to defining targets for deep brain 
stimulation (DBS). Deep brain stimulation is an emerging management procedure that is used in 
patients with a range of disorders. For example, significant success has been recorded in the use of 
DBS for movement disorders, such as Parkinson’s disease, essential tremor, dystonia and chronic 
pain (Kringelbach et al., 2007; Boccard et al., 2014). The procedure also has good prospects for the 
management of affective psychiatric disorders, such as obsessive-compulsive disorder and treatment-
refractory depression (van Westen et al., 2015). However, a crucial consideration in the use of DBS 
is identifying targets where stimulation would reverse a condition without generating any adverse 
motor and autonomic effects. 
 
The hippocampus is an essential structure in the neurogenesis of Alzheimer’s disease, schizophrenia, 
temporal lobe epilepsy and post-traumatic stress disorder (Shin et al., 2004; Mu and Gage, 2011; 
Zierhut et al., 2013), and could be a possible target for DBS in refractory conditions. Of particular 
interest is Alzheimer’s disease, which is primarily characterised by memory loss, and for which the 
dorsal hippocampus plays a crucial role. Recent studies in mice models revealed that in the 
pathophysiology of Alzheimer’s disease, memory is not lost, but that retrieval is dysfunctional and 
can be restored by optogenetic activation of cells (Roy et al., 2016). The absence of any autonomic 
effects following stimulation of the dorsal hippocampus, as demonstrated in the current thesis 
(Chapters 3 and 4), opens up the possibility of DBS in management strategies involving activating 
neurones in this area.  
 
7.6. Future Directions 
In freely behaving animals, particular environmental challenges that stimulate neurones in the ventral 
hippocampus to generate autonomic response are not explicitly defined, thereby limiting the 
translational interpretation of in vivo physiologic investigations. To bridge this gap in future studies, 
recording electrodes implanted in the ventral hippocampus during specific behavioural investigations 
in recovered freely moving animals would be valuable. This line of experiment would provide 
information of situations that endogenously activate the ventral hippocampus. Changes in the impulse 
frequency of ventral hippocampal neurones would be useful parameters in determining what 
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environmental stimuli are integrated in this area. Once established, an analysis of the intensity of 
stimulus versus frequency of action potentials would be interesting, as it may add meaning to the 
agonist dose-dependency studies presented in Chapter 3. If these experiments are combined with 
inhibition studies where ventral hippocampus neurones are blocked to ascertain the possibility of 
tonic regulation, it also offers an opportunity to understand the detailed physiologic properties of 
neurones in the ventral hippocampus.  
 
The lack of consideration for bilateral microinjection approach is a limitation of the current studies. 
Bilateral stimulation is a potential trigger of addictive effects, or could influence functional 
redundancy of brainstem networks involved in cardiorespiratory function. Perhaps a bilateral 
approach in future experiments would also add value to the data presented in the current thesis.  
 
The circuit demonstrated in the current project could be the substrate that supports defensive 
behaviours, particularly with the involvement of the amygdala (LeDoux, 2012). However, the gap in 
knowledge involves the mode and specificity of connections between the amygdala and 
midbrain/medullary autonomic control centres as illustrated in Figure 7.1. Preliminary investigation 
of this gap could be assessed using modern trans-synaptic viral tracing techniques. McGovern et al. 
(2015) have demonstrated the efficacy of this technology using the H129 strain of Herpes simplex 
virus 1 to trace sensory pathways from the upper respiratory tract to the brainstem and forebrain. A 
pathway highlighted using this technique will confirm the direct influence of the ventral hippocampus 
over the activity of respiratory-related cells in the ventrolateral medulla.  The results from trans-
synaptic tract tracing could be expanded upon, by assessing the manner in which the activity of 
identified neurones in the ventrolateral medulla is reshaped by stimulating the ventral hippocampus. 
The various components of breathing are driven by the activity of respiratory rhythm generators in 
the brainstem. Inspiration, for example, is ‘kick-started’, maintained and halted by subsets of 
inspiratory premotor neurones (Cohen, 1979), which could conceivably be differentially regulated by 
hippocampal stimulation. Augmented breaths are controlled by cells in the preBötzinger complex, an 
area important for respiratory rhythmogenesis (Lieske et al., 2000; Li et al., 2016).  Modulation of 
respiration by the ventral hippocampus, as shown in the current study, implies an alteration in the 
rhythmic firing pattern of the rhythm generators in the ventrolateral medulla. However, paired 
stimulation and single unit recording in anaesthetised preparations will be required to characterise the 
changes involved. Optogenetic tools could be explored to perturb single neurone descending circuits. 
These approaches would rule out the possibility of secondary respiratory adjustments in response to 
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other physiological effects, such as changes in partial oxygen (PO2) and carbon dioxide (PCO2) levels, 
which could account for some of the physiological effects observed. 
 
In conclusion, the findings in the current thesis detail the influence of the ventral hippocampus over 
cardiorespiratory activities, suggesting that the hippocampus is involved in multiple functions 
contrary to the popular view of a unitary structure. These findings form a foundation for further 
investigations into the descending central network for autonomic control, which, if explored, would 
produce more supportive evidence of ventral hippocampal involvement in regulating emotional 
behaviours.  
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Appendix 
 
A.1. Additional Anatomical Evidence of Connections Between 
the Ventral Hippocampus and Amygdala 
A.1.1. Diffusion-Weighted Imaging 
Diffusion-weighted imaging was used as an additional technique to assess the connections between 
the ventral hippocampus and amygdala. Diffusion-weighted magnetic resonance imaging 
(DWI or DW-MRI) is an advanced imaging protocol that is extensively used to map the tractography 
of white matter in the brain. It uses the principles of Brownian motion of water molecules to 
generate contrast in MR images (Taylor and Bushell, 1985). A unique advantage of the technique is 
the ability to image fixed brain tissues. We applied this technique to assess the anterograde connection 
between the ventral hippocampus and amygdala in adult male Sprague – Dawley rats (n = 2). Rats 
were anaesthetized prior to perfusion using 0.02 mL/g sodium pentobarbitone (Lethabarb). Animals 
were then perfused transcardially using a Perfusion One® system (MyNeuroLab, St. Louis, MO, 
USA), then perfused with 0.1 M PBS (pH 7.4), and then 4 % PFA containing 0.5 mM gadopentetate 
dimeglumine (Magnevist®). Gadopentetate dimeglumine is a contrast agent that produces magnetic 
effects and allows tissues to be seen more clearly on the MRI. Brains were then removed from the 
skull and stored in PBS containing 0.5 mM Magnevist® for 4 days prior to being put into 
perfluoroether Fomblin Y06/06 solution medium (Solvay Solexis, Italy) for DWI.  
 
A1.1.1. MRI data acquisition  
DWI data were acquired on a 16.4 Tesla vertical bore animal system (Bruker BioSpin, Germany) 
using a Micro 2.5 gradient system and a 15 mm linear surface coil (M2M, Australia). The DWI 
acquisition consisted of a 3D diffusion-weighted spin-echo sequence, with TE/TR = 22.8/400 ms, 
100 µm isotropic resolution, field-of-view: 11.2 × 19 × 8 mm3 to cover the whole brain, two b = 0 
s/mm2 images and 30 uniformly distributed diffusion gradient-encoding directions (Jones et al., 1999) 
with b = 5000 s/mm2
 
(δ/Δ = 2.5/14 ms), NEX = 1. The images were acquired in sagittal orientation, 
with the rostro-caudal axis as the read direction, and the mid-lateral and the dorso-ventral as the first 
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and second phase dimensions, respectively. Data acquisition was performed at 22 °C, with a total 
acquisition time of ~32 h. This protocol is in accordance with protocols previously described 
(Moldrich et al., 2010; Calamante et al., 2012). 
 
A1.1.2. Tractography software  
The MRtrix software package (Brain Research Institute, Melbourne, Australia, http://www.brain.org. 
au/software/) (Tournier et al., 2012) was used for fibre tracking MRI in addition to in-house 
modifications of this software package. This software uses probabilistic streamlines methods 
(SD_PROB) in combination with constrained spherical deconvolution (CSD) technique to model 
multiple fibre orientations (Tournier et al., 2007). The maximum harmonic order (lmax) used in this 
study was lmax = 6 (Tournier et al., 2004; Tournier et al., 2008).  
 
A1.1.3. Ventral hippocampus-amygdala connectivity 
Targeted fibre tracking between the ventral hippocampus (seed ROI; Appendix Figure A1) and the 
amygdala (target ROI; Appendix Figure A2) was done using 1 million tracks with the following 
iFOD2 parameters: 0.02 mm step-size; 5 mm min length; 15 mm max length; all other options were 
default in MRtrix.  
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Figure A2: A) Schematic diagram showing the position of the ventral hippocampus within the 
whole brain. B – C) Tractography results showing seeding area in the ventral 
hippocampus. 
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Figure A3: A) Schematic diagram showing the position of the amygdala within the whole brain. 
B – C) Tractography results showing a target area in the amygdala that receive 
projections from the ventral hippocampus 
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